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ABSTRACT 
Field and laboratory experiments evaluated the overall dissipation of 
alachlor [2-chloro-IV-(2,6-diethylphenyI)-N-(methoxymethyl) acetamide] and the 
effect of no-till and chisel-plow tillages on alachlor leaching and dissipation. In 
the top 30-cm layer of field soil, the time to 50% dissipation (half-life) was 2 to 3 
d, and the time to 90% dissipation ranged from 17 to 30 d. In no-tiU soil, alachlor 
dissipated slightly faster, and more was transported into the lO-to-30-cm soil 
layer. The tillage effect depended on weather that favored movement into and 
dissipation within the soil, rather than dissipation on plant residues and the soil 
surface. Most of the alachlor, regardless of tillage, was in the top 10 cm at all 
times. Of the alachlor applied in the laboratory to soil coltimns, only 0.4% was 
removed by water flowing from chisel-plow columns and 1.6% from no-till 
columns. Tillage did not consistently influence alachlor dissipation. In both the 
field and laboratory studies, dissipation was faster than expected. From the 
literatvu-e, initial volatilization or wind-drift loss and subsequent microbial 
degradation appear to have been the major dissipation processes. A two-
compartment model was developed to simulate this non-first-order dissipation 
and to incorporate the effects of precipitation, temperatures, crop and residue 
shading, and other environmental factors. The model requires only easily-
collected weather, soil, and pesticide information and calculates the daily 
amount of alachlor and times for 50% and 90% dissipation. After calibration, the 
model predictions fit 2 years of field-sample data with reasonable accuracy. The 
half-life calculated by the model was 1 d for all years. Time to 90% dissipation 
was 18 d for 1992, 23 d in 1993, and 15 d for 1994. Environmental conditions 
influenced overall alachlor dissipation, while tillage and leaching did not. 
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GENERAL INTRODUCTION 
Dissertation organization 
This dissertation includes two separate papers intended for publication in 
scholarly journals. The papers are preceded by this general introduction and are 
followed by a general summary. References in the general introduction and 
general simimary are listed in the final references section. References cited in 
each paper are listed at the end of that partictilar paper. 
Literature review 
Groundwater contamination by pesticides 
Compared with older, chlorinated-hydrocarbon pesticides like DDT, most 
pesticides introduced in the last 30 years are less acutely toxic to humans, do not 
accumulate in the food chain, and dissipate more rapidly in the surface soil layer 
(HaUberg, 1989). But their imexpected mobility through root-zone soil has 
allowed some of these pesticides to migrate into shallow groundwater supplies. 
In the 1960s, this groimdwater contamination was not anticipated because water 
and chemicals were thought to move through the soil by matrix flow, a slow 
displacement of water through soil pores. If so, most pesticides in use today 
would dissipate in the surface soil with little or no contamination of 
groimdwater. Recent studies have shown, however, that pesticides can quickly 
enter subsurface soil and shallow groimdwater by flowing with infiltrating water 
through cracks, worm- and root-holes, and other macropores in imsaturated, 
structured soil (Gish et al., 1991a; Kanwar, 1991; Starr and Glotfelty, 1990; 
Steenhuis et al., 1990) or through finger or fimnel flow in sandy, unstructured 
soils (Baker and HUlel, 1991; Kung, 1993; Rice et al., 1991; Steenhuis and Parlange, 
1991). 
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In 1988-89, an estimated 11.1 to 16.2% of all private, rural weUs in Iowa 
were contaminated with at least one pesticide, and an estimated 1.2% of all these 
wells had pesticide concentrations above US EPA health advisory levels. The 
study also showed that atrazine (2-chloro-4-ethylamino-6-isopropylamino-l,3,5 
triazine) was detected in 4.4% of the wells tested, and alachlor [2-chloro-JV -(2,6-
diethylphenyl)-N-(methoxymethyl) acetamide], metribuzin [4-Amino-6-(l,l-
dimethylethyl)-3-(methylthio)-l,2,4-triazin-5(4H)-one], and several other 
pesticides were fovind in 1.2 to 1.8% of the wells tested.' Many people in Iowa and 
the midwest are exposed to constant, low-level dosages of these agricultural 
pesticides, but the chronic effects of such exposure are not well known. 
While health researchers are evaluating the health effects of low-dosage, 
long-term exposure to pesticides, envirorunental researchers are discovering 
how these chemicals dissipate in soil and how they leach into groundwater, with 
the goal of controlling or preventing groundwater pollution. This study has 
focused on alachlor dissipation with the goal of answering these questions: 
At what rate does alachlor dissipate after it is applied to soil? 
Can a simple model of alachlor dissipation be created that accounts 
for the effects of environmental conditions such as rainfall, 
wind speed, and soil or air temperature? 
Pathways for pesticide dissipation 
As used in this paper, dissipation means the irrecoverable loss from root-
zone soil of a pesticide in its original chemical form. Most dissipation typically 
occurs by one or more of the following processes: 
Volatilization: evaporation from soil, plant surfaces, or crop residue 
Photolytic degradation: chemical breakdown driven by solar energy 
' Iowa Department of Natural Resources. 1990. Iowa state-wide rural well-water survey. Report no. 
SWRL H-1. Iowa Department of Natural Resources, Des Moines, lA 
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Chemical degradation: chemical breakdown by reduction-oxidation 
(redox) reactions, reactions with hydrogen ions (hydrolysis), 
reactions with other ions and with polar molecules (chelation or 
complexation), and other non-biological chemical reactions 
Microbial degradation: chemical breakdown by soil microorganisms 
Sorption: permanent or reversible bonding to clay or organic materials 
Leaching or surface runoff: removal by infiltrating or overland water flow 
Plant uptake: movement into plant tissues through roots, leaves, or stems 
and subsequent degradation or assimilation 
Environmental factors controlling pesticide dissipation 
The rate at which a pesticide dissipates in the soil is influenced by many 
environmental factors, including soil management and pesticide application 
methods, weather patterns, and soil characteristics. It is difficult to predict how 
these factors will affect dissipation, but some general observations can be made, 
particvdarly about volatilization, microbial degradation, and leaching. 
Volatilization Pesticides sprayed on the soil surface can volatilize, at a 
rate that depends on the amount of pesticide in or on the ^^oil, the soil water 
content, the air turbulence at the soil surface, and the temperattire of the soil and 
nearby air. Volatilization rates were highest the first week after alachlor was 
applied to field soil (Wienhold and Gish, 1994). Volatilization and overall 
dissipation rates for trifluralin, atrazine, dieldrin, and several other halogenated 
pesticides rose as the soil temperature was increased from 5 to 25 °C. For each 10 
°C rise in temperature, the volatilization rate increased 180%, and the overall 
dissipation rate increased 140% (Nash and Gish, 1989). A much-higher-than-
expected rate of alachlor dissipation was attributed to applying alachlor with a 
spray boom over no-till surface residue on a hot (32 °C) day (Helling et al., 1988). 
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Volatilization of a variety of pesticides, including atrazine and alachlor, 
from moist soil tended to be faster when solar radiation maximized the soil 
temperature and air turbulence near the soil surface. Volatilization of these 
pesticides from dry soil was much slower; the highest rates of volatilization from 
dry soil occurred at night when dew formed on the soil surface (Glotfelty et al., 
1989; Glotfelty et al., 1984; Turner et al., 1977). In another experiment, the water 
content of the surface soil and the rate of water evaporation from the soil 
controlled lindane and dieldrin volatilization, after the initial surface layer of the 
pesticides had volatilized. The rate of volatilization in this study was also 
affected by the vapor pressure, soil solution concentration, and water solubility of 
the pesticides (Spencer and Cliath, 1973). Trifluralin vaporization from moist soil 
was reduced by incorporating the pesticide into the soil compared with applying 
it to the soil surface. Almost no trifluralin vaporized from dry soil, regardless of 
the application method (Spencer and Cliath, 1974). 
Microbial degradation Previous applications of a pesticide may increase 
its degradation rate by altering the microbial commtmity in the soil. A field 
experiment showed that propyzamide degradation was much faster, alachlor and 
linuron degradation was slightly faster, and simazine degradation was not 
affected by up to three previous applications of each pesticide (Walker and 
Welch, 1991). Degradation rates of alachlor were also increased by adding manure 
or digested municipal sewage sludge which provided a diverse microbial 
population and a wide range of macro- and micro-nutrients (Guo et al., 1993). 
Other soil-related factors that affect the microbial degradation of pesticides 
include the water content and temperature of soil (Walker, 1976a; Walker, 1976b; 
Walker, 1976c; Walker et al., 1992), microbial composition (Sun et al., 1990), 
microbial respiration rate, soil composition, organic matter content (Walker et 
al., 1992), and clay content (Konopka and Turco, 1991). 
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Leaching Soil properties can affect the amount of pesticide that leaches 
out of the root zone. In an experiment with two sandy soils, more atrazine, 
alachlor, and metolachlor leaching occurred in the soil with higher hydraulic 
conductivity, lower organic carbon and clay content, and smaller water holding 
capacity (Wietersen et al., 1993). 
Compared with conventional-till (chisel plow or moldboard plow), 
conservation-till (ridge-tiU or no-till) may enhance pesticide leaching shortly 
after pesticides are applied. There are a ntmiber of reasons for this. Soil 
macropores, such as root holes, worm burrows, and cracks, are not as disturbed 
in conservation tilled fields (Gish et al., 1991a; Sadeghi and Isensee, 1992), so the 
preferential-flow network is better developed (Granovsky et al., 1993). Surface-
applied pesticides are also not usually incorporated into the soil (Baker, 1992; 
Gish et al., 1991b; Rice et al., 1991; Starr and Glotfelty, 1990; Steenhuis et al., 1990). 
Further, the number of earthworm burrows is larger in conservation tilled soil 
(Dick et al., 1991), which provides more preferential-flow pathways (Edwards et 
al., 1992). These factors increase the likelihood that freshly-applied pesticides will 
be transported by infiltrating rainwater into groundwater (Edwards et al., 1993). 
This tillage effect is not consistent. In one experiment, atrazine was 
leached into deeper soil layers by frequent precipitation shortly after application 
(Gish et al., 1991a). In another study, the distribution of atrazine in no-tiU and 
conventionally-tilled soU was better correlated to topography than to tillage 
(Sadeghi and Isensee, 1992). A model developed by van der Zee and Boesten 
(1991) also indicated that spatial variations in pesticide sorption and decay rates 
would greatly affect pesticide leaching. Granovsky et al. (1993) showed that 
preferential flow occurs in both no-till and moldboard plowed soil and that 
rainfall timing and intensity may affect pesticide leaching more strongly than 
tillage. The organic lining of nightcrawler {Lumbricus terrestris L.) burrows may 
also sorb enough of some pesticides to measurably reduce leaching in 
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preferential flow (Stehouwer et al., 1994). The surfaces of other macropores are 
also likely to sorb pesticides, but probably to a lesser degree. This effect will only 
be appreciable, however, before macropore surfaces are saturated with the 
pesticides (Steenhuis et al., 1993). Thus tillage may only be a rough indicator, not 
a definitive measure, of the pesticide leaching potential of the soil. 
When pesticides migrate from the surface into conservation-tilled soil, 
they may be less likely to leach into groundwater. Conservation-tilled soil 
typically contains more organic material in the surface layer and supports a larger 
and more active microbial population (Fermanich and Daniel, 1991; Locke and 
Harper, 1991). Under these conditions, pesticides within the soil structiu-e may be 
adsorbed more completely or degraded more quickly. For instance. Helling et al. 
(1988) felt the fast rate of alachlor degradation in surface soil prevented it from 
leaching as deeply as atrazine. In another study, alachlor dissipated faster in no-
tiU plots compared with moldboard-plowed and disked plots, but metribuzin 
dissipation was not affected by tillage (Jones Jr. et al., 1990). Locke and Harper 
(1991) found, however, that metribuzin dissipated more rapidly in surface soil 
amended with soybean residue compared with imamended surface soil. In 
another field experiment, the dissipation and distribution of alachlor, atrazine, 
and metribuzin in the soil were not greatly affected by tillage. Although 
significantly more herbicide leached from no-till plots than from plots under 
other tillage treatments, only 0.0002 to 0.10% of the alachlor applied was 
removed by leaching, regardless of tillage (Weed et al., 1995). 
Chemical properties controlling alachlor dissipation 
Alachlor (Figure 1) is a chloroacetanilide herbicide (Table 1) that controls 
annual grasses and leafy weeds and is usually applied to corn [Zea mays (L.)] and 
soybean [Glycine max (L.) Merr.] cropland in the Com Belt. 
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CH2-CH3 
^/CHa-O-CHg 
\C-CH2-CI 
6 
M2-CH3 
Figure 1. Molecular structvire of alachlor 
Overall dissipation Alachlor dissipates in the field mainly by microbial 
degradation and volatilization (Chesters et al., 1989). The interaction of these 
processes with each other and with factors such as weather conditions, the soil 
composition, temperature, and water content, and the tillage practice causes the 
overall rate of alachlor dissipation to be highly variable. In a number of field-
dissipation studies, the alachlor half-life (the time needed for the pesticide in the 
soil to decline to half the amount applied) was estimated to be 
24 d with no effect from tillage or crop treatments (Weed et al., 1995) 
18 to 45 d, depending on application date and soil type (Walker et al., 1992) 
1 to 39 d on no-till soil, depending on weather conditions diiring 
application (Helling et al., 1988) 
6 d on either no- or conventional-till soil (Wienhold and Gish, 1994) 
20 to 40 d depending on the number of previous alachlor applications 
(Walker and Welch, 1991) 
7 to 20 d with slightly faster dissipation in no-till or straw-covered soil 
compared with moldboard-plow or bare soil (Jones Jr. et al., 1990) 
Volatilization Alachlor is 16 times more volatile and 7.5 times more 
water soluble than atrazine. The relative size of these ratios indicates that 
alachlor is more likely to volatilize from a water solution than atrazine, even 
though it is also more soluble. A more convenient measure of a compound's 
tendency to volatilize or to remain in solution is the Henry's law coefficient. For 
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pesticides and other slightly-soluble and slightly-volatile compounds, this value 
may be defined as the ratio of the sattirated vapor density, mg L ' of air, to the 
water solubility, mg L"' of water. Note that it is not strictly a dimensionless value, 
although it is often presented as such. As defined, the Henry's law coefficient for 
alachlor is 1.3 x 10"^ and for atrazine is 2.5 x 10 ''; the difference in magnitude 
indicates that alachlor in water solution is much more volatile. In the first 21 d 
after spray application, 780% more alachlor volatilized compared with atrazine, 
based on equal rates of application for both herbicides (Glotfelty et al., 1989). 
Table 1. Properties of alachlor 
Physical or chemical property 
Color White 
Physical state Solid 
Odor None 
Molecular weight 269.8 gmol' 
Melting point 40-41 °C 
Boiling point 100 °C at 0.003 kPa 
Specific gravity 1.133 at 25 °C 
Water solubility 240 mgL'^ at 25 °C 
Vapor pressure 2.9x10-^ kPa at 25 °C 
Vapor density* 3.2x10^ mgL-' 
Henry's law coefficient (KH) 1.3x10^ L air L"' water 
Octanol-water partition 430 
coefficient (Kow)* 
Soil sorption coefficient (Kj)'' 3.4 Lkg-' 
Except as noted, adapted from Chesters et al., 1989 
^ Cooperative Extension Service (1992) 
* Organic carbon partition coefficient, KQC = 
(Kow) (organic carbon content in soil) 
Volatilization may be a significant factor in alachlor dissipation, 
depending on the soil temperature and water content, degree of alachlor sorption 
to soil particles, and method of alachlor application. The volatilization half-life 
ranged from 108 to 203 d when alachlor was stirface-applied to air-dried soils. 
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while the half-life ranged from 12 to 27 d on soils nearly saturated with water 
(Beestman and Deming, 1974). Ten days after alachlor was spray-applied to non-
sterUized soU, about 10% of the herbicide applied had volatilized from soil 
maintained at 35 °C, about 8% at 25 °C, and less than 1% at 15 °C (Wienhold et al., 
1993). Alachlor sorption to soil can also reduce volatilization rates; Peter and 
Weber (1985) reported that about 50% of the alachlor volatilized 8 d after it was 
applied to a glass plate, while only 0.1% volatilized when applied to soil. 
Photolytic degradation Decomposition of alachlor by UV absorption is 
negligible (Beestman and Deming, 1974; Peter and Weber, 1985). Beestman and 
Deming (1974) explained that alachlor does not absorb UV radiation in 
wavelengths longer than 0.28 inm. Since the sun does not radiate below about 
0.29 )am, almost no energy is supplied by the sim in wavelengths suitable for 
driving the photolytic decomposition of alachlor. 
Chemical degradation Chemical decomposition of alachlor does occur, 
but is a minor path for alachlor dissipation. In montmorillorute clay, alachlor is 
chemically degraded by first sorbing to clay surfaces by a water bridge and 
coordination bond that form between the carbonyl group (C=0) in the alachlor 
structure and a polyvalent, exchangeable inorganic cation (Ca^^ AP, Mg^^ etc.) 
adsorbed to the clay (Bosetto et al., 1993; Chesters et al., 1989). These bonds and 
the presence of dissociated hydrogen ions (H^) near the clay surface favor 
hydrolysis of the alachlor molecule (Bosetto et al., 1993). The half-life of alachlor 
in sterilized soil, however, is about 50 times longer (469 d) than that in 
unsteriHzed soil (Beestman and Demdng, 1974), indicating chemical degradation 
is considerably slower than microbial degradation. 
Microbial degradation The major pathway for alachlor degradation in 
the soil is microbial degradation, which generally appears to fit a first-order 
model. Typical half-life values for this process range from 8 to 40 d (Beestman 
and Deming, 1974; Chesters et al., 1989; Walker and Welch, 1991). Soil water 
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content and temperature greatly affect the half-life, however. In one laboratory 
incubation study, the half-life of alachlor in surface soil at 33 kPa water tension 
(field-capacity water content), equivalent to the field-capacity water content, 
ranged from 11 d at 25 °C to 119 d at 5 °C. At a constant temperature of 15 °C, the 
half-life ranged from 16 d at 5 kPa (nearly saturated water content) to 238 d at 1500 
kPa (wilting-point water content) (Walker et al., 1992). 
The degradation rate is affected by the type of microbial community in the 
soil. In one case, a 50% loss of alachlor required 40 d in soil treated for the first 
time with the herbicide, while a 50% loss in soil previously treated with alachlor 
was reached within 20 to 26 d (Walker and Welch, 1991). 
Sun et al. (1990) reported that a pure strain of several microbial organisms 
did not degrade alachlor unless another carbon and energy source, such as 
sucrose, is available (a process called cometabolism). A mixed microbial culture, 
however, did degrade alachlor without additional carbon. The degradation was 
incomplete; after 14 d of incubation, the mixed culture mineralized the carbon in 
the aromatic ring to COj in less than 12% of the alachlor present (Sun et al., 1990). 
In a 30 d incubation study, 7% or less of the aromatic-ring carbon was 
mineralized in suspensions of surface soil and water (Novick et al., 1986). 
Pothuluri et al. (1990) found that the aerobic degradation rate of alachlor 
declined logarithmically as soil depth increased. First-order kinetics best 
described alachlor degradation in soil from 0 to 8.3 m deep at this site (Pothulviri 
et al., 1990). Another study found that the rate of alachlor degradation in 
subsurface soil was slower because the microbial populations were not as capable 
of metabolizing the herbicide as those in surface soil (Konopka and Turco, 1991). 
Irreversible sorption The degree to which alachlor sorbs to soil is 
directly related to the organic matter content, clay content, and surface area of the 
soil (Peter and Weber, 1985; Shea, 1989). Sorption occurs fairly quickly; typical 
soil-sorption studies allow 18 to 24 h for equilibration (Bosetto et al., 1993; 
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Pignatello and Huang, 1991). Desorption from clay and organic matter in soil, 
however, is much slower. Bosetto et al. (1993) recovered only 50% of adsorbed 
alachlor after multiple water washings of montmorillonite clay. Pignatello and 
Huang (1991) discovered that only 6 to 10% of adsorbed metolachlor (a herbicide 
structurally and functionally similar to alachlor) wovild readily desorb from soils 
by water washing. Further, they found the fraction of unrecoverable metolachlor 
increased with time after the initial adsorption experiments. 
The desorption of alachlor may be hindered because alachlor can enter 
interlayer spaces of montmorillonite clay saturated with a polyvalent cation 
(Bosetto et al., 1993) where it may become physically trapped. Alachlor sorbed to 
clay or organic matter may be capable of desorbing only from sites with more 
than one alachlor molecule attached (Chesters et al., 1989). 
Since sorbed alachlor biodegrades slowly compared with non-sorbed 
alachlor (Pignatello and Huang, 1991), the microbial dissipation rate will be 
slowed by the rate at which sorbed alachlor becomes available for degradation. 
Because of this interrelationship, experimentally-determined rates of microbial 
degradation in soil are essentially measurements of the combined processes of 
sorption and microbial degradation. 
Leaching or surface runoff Alachlor tends to remain in the top 10 to 20 
cm of soil and does not appear to leach in significant amounts through cropland 
soil (Beestman and Deming, 1974; Buhler et al., 1993; Jones Jr. et al., 1990), 
although small amounts (less than 1%) may leach below the root zone by 
preferential flow shortly after alachlor has been appned (Weed et al., 1995). If 
heavy rains and surface-water runoff occur during this time, alachlor can be 
transported to streams and lakes. Alachlor concentrations in two northeastern 
Nebraska lakes, however, did not exceed 1 lugL"^ in water samples and did not 
exceed 1 ng L ' in sediment cores (Spalding et al., 1994). 
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Although the water solubility of alachlor is moderately high at 240 mg L ' 
(Cooperative Extension Service, 1992), alachlor loss by leaching or in surface-
water runoff is more strongly affected by the tendency of this pesticide to 
dissipate rapidly and to sorb to soil organic matter and clay (Guo et al., 1993). 
Plant uptake Alachlor, a pre-emergent herbicide, is applied before crops 
are planted and before many weeds have sprouted, so most of the alachlor has 
dissipated from the soil before plant uptake becomes a factor. 
Empirical models of pesticide dissipation 
Empirical models of pesticide dissipation have the advantage of being 
relatively simple, because the effects of the individual dissipation processes are 
lumped into one overall mathematical relationship. Such models have the 
disadvantage, however, of having little or no underlying theoretical framework. 
These "black box" models arbitrarily relate the amoimt of pesticide in the soil to 
time and possibly to a limited number of other factors. 
First-order model Overall pesticide dissipation is often characterized by 
a first-order model (Figure 2) which is defined as (Paul and Clark, 1989) 
Q = Qe-** (1) 
where C, = pesticide content at time t, kg ha ' 
CQ = pesticide content at time t = 0, kg ha"' 
k = overall dissipation rate constant, d ' 
t = time since pesticide was applied, d 
A first-order rate of decay may not accurately describe overall alachlor 
dissipation, however. Beestman and Deming (1974), Helling et al. (1988), and 
Walker and Welch (1991) reported first-order decay of alachlor in laboratory or 
small plot studies, but Walker and Welch (1991) and Weed et al. (1995) fovmd 
non-first-order dissipation in field-scale experiments. 
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Figure 2. First-order model 
Mechanistic models of pesticide dissipation 
At the other extreme from empirical models are mechanistic models. 
These are based, as much as possible, on reasonable theories of pesticide 
movement and dissipation in the soil. Such models generally treat chemical and 
microbial degradation, leaching, volatilization, sorption, etc. as separate processes 
rather than lumping them into one overall process. The overall pesticide 
dissipation rate is a cumulative measurement of the individual pesticide losses. 
Mechanistic models can require data that is difficult to collect in the 
amoimts or accuracy needed for the models to function optimally. For instance, 
such models may relate individual dissipation processes with the effects of 
oxygen, water, clay, and orgaruc matter contents in the soil; soil temperature and 
structure; weather and irrigation measurements; water evapotranspiration rates; 
pestidde sorption, volatilization, and degradation rate coefficients; advective and 
dispersive flow parameters; and the microbial population size and composition. 
A variety of such models have been developed, with varying degrees of 
predictive success (Boesten and van der Linden, 1991; Hutson and Wagenet, 1993; 
Jury et al., 1983; Walker, 1974; Walker and Barnes, 1981). 
Root zone water quality model The root zone water quality modeP 
(RZWQM) provides three kinds of degradation models: an empirical first-order 
^ Version 1.0, May, 1992. Developed by the U.S. Department of Agriculture-Agricultural Research 
Service-Great Plains Systems Research Unit. Fort Collins, CO 80522. 
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model, a hybrid two-compartment model (see next section), and a mechanistic 
individual-dissipation-pathway (IDP) model. Any one of these models can be 
used to calculate pesticide dissipation from each of the following matrixes: crop 
surfaces, weed surfaces, crop residue surfaces, the soil surface, and root zone soU.^ 
The individual dissipation pathways considered in the IDP model include 
the processes of degradation, volatilization, photolysis, hydrolysis, oxidation, and 
complexation, and the influences of other, unquantified dissipation processes, 
pesticide formulation, wind run, relative humidity, and water washoff from crop 
and residue surfaces. For svirface soil and root-zone soil dissipation, the IDP 
model is essentially a first-order model with a rate constant that is a summation 
of the individual rate constants for each of the applicable processes. For 
dissipation from surface soil, the IDP model is* 
where = pesticide content at time t, kg ha'^ 
Q = pesticide content at time t = 0, kg ha"^ 
k = overall dissipation rate constant, d"^ 
t = time since pesticide was applied, d 
And the overall dissipation rate constant is defined as 
^ ^bioDegradation ^photolysis ^hydrolysis ^caidation ^complexation ^other 
For dissipation from root-zone soil, the IDP model is® 
where = pesticide diffused from the root zone, kg ha"' 
^ Nash, Ralph, and Qingli Ma. 1992. Pesticide degradation processes. In Root Zone Water Quality 
Model, Version 1.0, Technical documentation. U.S. Department of Agriculture-Agricultural 
Research Service-Great Plains Systems Research Unit. Fort Collins, CO. 
(2) 
(4) 
* ibid 
' ibid 
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And the overall degradation rate constant is defined as 
aerabicDi'gradatimi maerchicDegmdation 'reduction ^Itydwbfiis K 'oxidation 'armplexatim 
Each individual rate constant in Equations (5) and (7) and the diffusion 
rate, Kp, must be determined experimentally or calculated from empirical 
equations provided in the RZWQM documentation. 
Hybrid models of pesticide dissipation 
Between the simplicity of an empirical model and the complexity of a 
mechanistic model lies the hybrid model in which empirical relationships are 
used to minimize the data requirements, but some theoretical structure is 
provided to improve the predictive ability. 
Two-compartment model HiU and Schaalje (1985) developed a two-
compartment model (2CM) that is more complex than a first-order model, yet is 
still relatively simple to use. The 2CM allows for a rapid first-order dissipation of 
a chemical shortly after application, followed by a slower first-order degradation 
rate (Figure 3). They designed the model to meet three criteria: (1) the model 
must provide a commonly-used measurement of dissipation, such as half-life 
(^0 5), that can be quickly compared with data from other studies, (2) the model 
must be able to predict dissipation for varying sites and conditions, and (3) the 
model must provide a reasonable mechanism for the overall dissipation process. 
The mathematical form of the 2CM is (Hill and Schaalje, 1985) 
\ k f + k , - k  (6) 
where = fast degradation rate constant, d"' 
kf = transfer rate constant, d'^ 
k^ = slow degradation rate constant, d'^ 
16 
Pesticide application to the soil surface, Co 
Dissipation on the soil surface 
Pesticide transported Into the soli 
CiktAt 
Compartment 1 
Compartment 2 
Figure 3. Two-compartment model 
Compared with a first-order model, the 2CM more accurately predicted 
overall alachlor dissipation, although the first-order model best predicted overall 
atrazine and metribuzin dissipation (Weed et al., 1995). Thermal time may be 
substituted for time in the 2CM (or the first-order model) to improve accuracy. 
Thermal time (f^,,) is defined as (Hill and Schaalje, 1985) 
where = thermal time, °C-d 
= average daily air temperature, °C 
= reference temperature, °C 
= time, 1 d 
Hill and Schaalje used a reference temperature of 0 °C which is the 
temperature at which microbial activity is negligible (Pavd and Clark, 1989). 
Extracting and encasing large-diameter soil columns 
Pesticide dissipation studies may consist of collecting samples of field soil 
after pesticide has been applied and analyzing the samples for pesticide content. 
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Alternatively, dissipation can be studied by applying pesticides to large-diameter 
soil columns in the laboratory under more controlled conditions. Since 
preferential flow probably transports most pesticides into the soil and 
groimdwater, such large-diameter soil columns must be collected without 
disturbing the macropore structure. 
Soil columns have often been isolated from surrounding field soil by 
digging a trench to the desired depth aroimd a selected volume of soU. The 
resulting soil pedestal is carefully shaved by hand to the desired diameter, and a 
protective encasement, such as furnace pipe (Singh and Kanwar, 1991), concrete, 
paraffin wax, or polyurethane (Tindall et al., 1992), is fitted around the column. 
Another method of isolating large soil columns consists of driving the 
open end of a large-diameter pipe into the soil with a hydraulic ram on a 
backhoe or tractor-mounted soil sampler. The pipe can be of various materials, 
such as PVC (polyvinyl chloride) (Levanon et al., 1993), aluminum (Fermanich 
et al., 1991), or steel (Tindall et al., 1992). A driving head of steel can be fitted onto 
PVC or aluminum pipe for protection if the soil is stony. If extremely deep 
columns are needed, a trench may first be dug around the soil column site to 
reduce the amount of force needed to drive the pipe into the soU. 
After the columns are encased by either the hand or hydraulic method, 
they are cut or broken free at the bottom and gently removed. In the laboratory, 
the columns may be used as is, especially if the encasement is rigid pipe or 
concrete. Or the encasement may be replaced with one that seals better to the soU 
so infiltrating water is less likely to flow down the colimrn walls. Laboratory-
applied encasements have been made from materials such as PVC pipe, liquid 
rubber, wax, plaster of Paris (Singh and Kanwar, 1991), cardboard, or silicone 
rubber sealant (Tindall et al., 1992). 
18 
Research goals 
One goal of the experiments described in the first paper was to measure 
the overall dissipation rate of alachlor in the top-30-cm layer of field soU. The 
second goal was to determine whether no-till or chisel-plow tillage affected the 
amount of alachlor leaching and rate of overall dissipation. 
The goals of the research described in the second paper were to develop a 
model of alachlor dissipation based on the 2CM and to calibrate and validate that 
model using data from 3 years of field-soil samples. This model must account for 
the sensitivity of the dissipation rate to environmental conditions. It should also 
require only easily-collected weather records, soil conditions, and pesticide 
properties. The model should also predict the time for 50% and 90% dissipation 
and the daily amount of alachlor in the soil. 
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ALACHLOR DISSIPATION IN SHALLOW CROPLAND SOIV 
A paper to be submitted to Journal of Environmental Quality 
D. A. J. Weed^ R. S. Kanwar^, C. Cambardella^ T. B. Moorman' 
Abstract 
One soil-column laboratory experiment and a two-year field-sampling 
study evaluated the overall dissipation of alachlor [2-chloro-N-(2,6-
diethylphenyl)-]V-(methoxymethyl) acetamide] and the effect of no-till and 
chisel-plow tillages on alachlor leaching and dissipation. In the top 30-cm layer of 
soil, the overall half-life was roughly 2 d, and the time to 90% dissipation ranged 
from 17 to 30 d. In no-till soil, alachlor dissipated slightly faster, and more was 
transported into the lO-to-30-cm soil layer. The magnitude of the tillage effect 
was dependent on weather conditions, especially rainfall, that favored 
movement into and dissipation within the soil structure, rather than dissipation 
on the soil surface. Most of the alachlor present in the soil, regardless of tillage, 
was found in the top 10 cm at all times. Of the alachlor applied to 30-cm-tall soil 
columns, only 0.4% was removed by water flowing from chisel-plow columns 
and 1.6% from no-till columns. The results show that tillage was not a reliable 
indicator of alachlor dissipation and leaching and that alachlor leaching was a 
minor dissipation process. 
Keywords: alachlor, dissipation, half-life, leaching, volatilization 
Abbreviations: a.i., active ingredient; NSTL, National Soil Tilth Lab; ET, 
evapo transpiration 
' Journal Paper No. J-16594 of the Iowa Agriculture and Home Economics Experiment Station, Ames, 
lA 50011. Project No. 3003. This research was funded by the Leopold Center for Sustainable 
Agriculture, Ames, lA, and the CSRS-USDA Project on Management Systems Evaluation Areas 
(MSEA). Work was done at Iowa State University, Ames, IA 50011 
^ Corresponding author, Weed Engineering, P.O. Box 370, Postville, lA 52162, weedd@nicc.cc.ia.us 
^ Dep. of Agric. and Biosystems Eng., Davidson Hall, Iowa State Univ., Ames, LA 50011 
'' USDA-ARS, National Soil Tilth Lab., Ames, lA 50011 
' USDA-ARS, National Soil Tilth Lab., Ames, lA 50011 
20 
Introduction 
Alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] 
is a chloroacetanilide herbicide that controls annual grasses and leafy weeds and 
is usually applied to com [Zea mays (L.)] and soybean [Glycine max (L.) Merr.] 
cropland in the Com Belt. At ambient temperatures, pure alachlor is a solid, 
slightly soluble, and slightly volatile material (Table 1). 
Overall dissipation 
Alachlor dissipates in the field mainly by microbial degradation and 
volatilization (Chesters et al., 1989). The interaction of volatilization and 
microbial degradation with each other and with other factors, including weather 
conditions; soil sorption, composition, temperature, and water content; and 
tillage practice, causes the rate of alachlor dissipation to be highly variable. 
In a number of field-dissipation studies, the overall alachlor half-life was 
estimated to be 24 d with no significant effect from tillage or crop treatments 
(Weed et al., 1995), 18 to 45 d based on date of application and type of soU (Walker 
et al., 1992), 1 to 39 d in no-till soil depending mainly on weather conditions 
(Helling et al., 1988), 6 d in either no- or conventional-till soil (Wienhold and 
Gish, 1994), 20 to 40 d depending on the number of previous alachlor 
applications (Walker and Welch, 1991), and roughly 7 to 20 d with slightly faster 
dissipation in no-till or straw-covered soil and slower in moldboard-plowed or 
bare soil (Jones Jr. et al., 1990). 
Volatilization 
Alachlor sprayed on the soil surface is fairly volatile compared with other 
agricultural pesticides. Volatilization is strongly dependent on the water content 
in the surface soil and the amount of alachlor that has sorbed to soil particles. In 
the first 21 d after spray application, 780% more alachlor than atrazine 
volatilized, based on equal rates of application for both herbicides (Glotfelty et al.. 
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1989). The half-life of surface-applied alachlor in air-dried soils ranged from 108 
to 203 d depending on soil type, while the half-life in soils nearly saturated with 
water ranged from 12 to 27 d (Beestman and Deming, 1974). Alachlor sorption 
further reduces volatilization rates; Peter and Weber (1985) reported that about 
50% of the alachlor volatilized 8 d after it was applied to a glass plate, while only 
0.1% volatilized during the same period when applied to soil. 
Table 1. Properties of alachlor 
Physical or chemical property 
Color White 
Physical state Solid 
Odor None 
Molecular weight 269.8 gmol-1 
Melting point 40-41 °C 
Boiling point 100 °C at 0.003 kPa 
Specific gravity 1.133 at 25 °C 
Water solubility 240 mgL-1 at 25 °C 
Vapor pressure 2.9x10-6 kPa at 25 °C 
Vapor density^: 3.2x10-4 mgL-1 
Henry's law coefficient (KH) 1.3x10-6 L air L-1 water 
Octanol-water partition 430 
coefficient (KOW)+ 
Soil sorption coefficient (Kd)t 3.4 Lkg-1 
Except as noted, adapted from Chesters et al., 1989 
* Cooperative Extension Service (1992) 
* Organic carbon partition coefficient, KOC = 
(KOW) (organic carbon content in soil) 
Compared with conventional-till (chisel plow or moldboard plow), 
conservation-till (ridge-till or no-till) may increase volatilization losses because 
alachlor must usually be sprayed on the soil surface and plant residues where 
turbulent air flow and high air and soil temperatures drive volatilization. In 
addition, the residue cover and potentially higher soil-water content at the 
surface of conservation-till soil retard sorption of alachlor to soil particles. 
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Alternatively, volatilization may be slowed on conservation-till soil once the 
alachlor is incorporated into the soil structure, because the residue cover shades 
the soil and tends to lower the surface soil temperature. The residue also 
increases the surface roughness which can minimize air turbulence near the soil. 
Within 1 d after alachlor application, Tremwel (1985) found no dissipation 
of alachlor spray-applied to the surface of bare soil. About 33% of the alachlor 
applied to soil with a 95% plant-residue cover had dissipated in same time, 
however. Roughly half of that loss was attributed to volatilization from plant 
residues. After 7 d of rainless weather, 92% of the alachlor applied to bare soil 
remained, while only 48% remained in the residue-covered treatment. 
A higher-than-expected rate of dissipation on no-till soil was attributed to 
spraying alachlor over plant residue on a hot (32 °C) day (Helling et al., 1988). 
Alachlor volatilized faster from moist soil when solar radiation maximized the 
soil temperature and air turbulence near the soil surface. Volatilization from dry 
soil was much slower; the highest rates occurred at night when dew formed on 
the soU surface (Glotfelty et al., 1989; Glotfelty et al., 1984; Turner et al., 1977). 
In another study, volatilization from no-till soil was slightly faster than 
from conventional-tilled soil in the first week after application. After 35 d, about 
9% of the alachlor applied had volatilized from the no-till field, while about 14% 
had volatilized from conventional-tilled soil (Wienhold and Gish, 1994). 
Microbial degradation and sorption 
Microbial degradation of alachlor usually fits a first-order model, and the 
half-life ranges from 8 to 40 d (Beestman and Deming, 1974; Chesters et al., 1989; 
Walker and Welch, 1991). Variations in soil water content, organic matter 
content, soil temperature (Walker et al., 1992) and microbial composition (Sun et 
al., 1990; Walker and Welch, 1991), however, may alter the microbial degradation 
rate considerably, sometimes by as much as an order of magnitude. 
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Soil conditions controlling microbial degradation also affect sorption, so 
these processes are intimately interrelated. Sorption is related to the organic 
matter content, clay content, and surface area of the soil (Peter and Weber, 1985; 
Shea, 1989), and it is a fast process (Bosetto et al., 1993; Pignatello and Huang, 
1991). Desorption is only partially and slowly reversible (Bosetto et al., 1993; 
Chesters et al., 1989; Pignatello and Huang, 1991; Xue and Selim, 1995). Since 
sorbed alachlor biodegrades slowly compared with non-sorbed alachlor 
(Pignatello and Huang, 1991), microbial degradation will be slowed by desorption. 
Conservation-tilled soil typically contains more organic material in the 
surface layer and supports a larger and more active microbial poptilation than 
conventional-tilled soil (Fermanich and Daniel, 1991; Locke and Harper, 1991). 
Both sorption and microbial degradation of alachlor may thus be enhanced in 
conservation-tilled soil with variable results on overall alachlor dissipation. One 
study found that alachlor dissipated slightly faster in no-till plots compared with 
moldboard-plowed and disked plots (Jones Jr. et al., 1990). In other studies, 
however, the overall dissipation of alachlor was not greatly affected by tillage 
(Weed et al., 1995; Wienhold and Gish, 1994). 
Leaching and surface-water runoff 
Alachlor loss by leaching and in surface-water runoff is minor, but this 
loss can be a water-quality concern. Although the water solubility of alachlor is 
moderately high (Table 1), leaching or runoff losses are mii\imized by rapid rates 
of alachlor degradation, volatilization, and sorption to soil organic matter and 
clay (Guo et al., 1993). Alachlor tends to remain in the top 10 to 20 cm of soil and 
does not leach in significant amounts through soil (Beestman and Deming, 1974; 
Buhler et al., 1993; Jones Jr. et al., 1990). Small amounts (less than 1%) may leach 
below the root zone shortly after alachlor has been applied (Weed et al., 1995). 
Survey results predicted that detectable levels of alachlor would be in fewer than 
1% of the 6-million domestic wells located in counties where alachlor was sold 
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(Holden and Graham, 1992). If heavy rains and surface-water runoff occur 
immediately after alachlor application, alachlor can be transported to streams 
and lakes. Alachlor in two Nebraska lakes, however, did not exceed 1 |ig L ' in 
water samples and did not exceed 1 ng L ' in sediment cores (Spalding et al., 1994). 
Compared with conventional-till, conservation-till may enhance leaching 
shortly after alachlor application, because soil macropores, such as root holes, 
worm burrows, and cracks, are not as disturbed (Gish et al., 1991a; Sadeghi and 
Isensee, 1992), and the preferential-flow network is better developed (Granovsky 
et al., 1993). Leaching immediately after application may also be enhanced by 
conservation-till because pesticides are not usually incorporated into 
conservation-tilled soil (Baker, 1992; Gish et al., 1991b; Rice et al., 1991; Starr and 
Glotfelty, 1990; Steenhuis et al., 1990). These factors increase the probability that 
alachlor will be washed from the surface soil into the macropore network and 
transported rapidly below the root-zone soil. 
Goals of study 
One goal of the field and laboratory experiments described here was to 
measure the overall dissipation rate of alachlor in the top-30-cm layer of field 
soil. The second goal was to determine whether no-till or chisel-plow tillage 
affected alachlor leaching and overall dissipation. 
Materials and methods 
These experiments occurred at a 36-plot experimental site at Iowa State 
University's Northeast Research Farm near Nashua, Iowa. The site was first 
developed in 1977 to evaluate tillage and crop rotation effects on crop yields and 
on weed and insect populations. In 1988, a water quality monitoring program 
was added. Site management and design information is provided elsewhere 
(Kanwar, 1991; Karlen et al., 1991; Weed et al., 1995). From 1977 through 1994, 
alachlor was broadcast sprayed over all of the 0.4-ha plots immediately after 
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planting with no subsequent incorporation into the soil. The herbicide solution 
was a commercially-available emulsifiable-concentrate formulation diluted with 
water according to manufacturer's directions. It was applied immediately after 
planting at a rate of 2.2 kg ha'^ a.i. (active ingredient). While this project was 
active, alachlor was applied on 26 May 1993 and 19 May 1994. 
Field sampling experiment 
Sample collection In 1993 and 1994, soil samples were collected from 12 
plots (Figure 1) to determine alachlor distribution in and dissipation from field 
soil. Plots 1, 3,10, and 11 were one cluster, plots 7,15, 23, and 24 were the second, 
and plots 27, 28, 29, and 30 were the third. Each cluster contained 2 plots in chisel-
plow tillage, and 2 in no-till. The chisel-plow plots had been in ridge till since 
1977, but were converted in the faU of 1992 to chisel-plow tillage to accommodate 
another study. The other 6 plots, however, had been consistently in no-till since 
1977. All 12 plots had also been planted since 1977 in a corn-soybean rotation. In 
any given year, one chisel-plow plot and one no-till plot in each cluster were 
planted with com and the other two plots were planted to soybeans. 
Each year, eight sets of soil samples were collected from the 6 plots planted 
to soybeans. All samples were taken from 1 to 90 d after alachlor was applied. The 
time between sample sets was 2 to 5 d initially, but the interval was lengthened 
to 40 d based on the expected rate of dissipation at this site (Weed et al., 1995). 
We chose to include wind-drift loss during application as an integral part 
of the overall dissipation rate, since it is an unavoidable part of broadcast-
spraying in typical agricultural practice. The initial alachlor content in the 0-to-
1 0 - c m  s o i l  l a y e r  w a s  t h u s  s e t  a t  t h e  c a l i b r a t e d  a p p l i c a t i o n  r a t e  o f  2 . 2  k g  h a a n d  
no soil samples were collected immediately after application. This approach was 
also taken by Glotfelty et al. (1989) in a study of alachlor volatilization and wind 
erosion. The residual alachlor in the lO-to-30-cm soil layer at the time of 
application was estimated at 0.024 kg haThis is the average alachlor content in 
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lO-to-30-cm-deep soil samples collected on 29 April 1992, shortly before alachlor 
was applied to plots at the experimental site. 
For each sample set, five soil cores, 30 cm deep and 2.5 cm diameter, were 
taken from every plot using a hand sampler. Plant residues were not collected, 
since the small surface area of the soil cores made it difficult to accurately relate 
the amount of alachlor on plant residue to that in the soil. Soil cores were frozen 
promptly after collection. The five cores from each plot were cut into sections 
representing 0-10 and 10-30 cm depths, and sections were composited into one 
pair of samples. The samples were wrapped in aluminum foil, sealed in a labeled 
polyethylene bag, then refrozen for transportation and storage. 
||CZJ 
Plat 7 
1Sp3 
Chteel 
pl(}w 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 1 1 
1 
1 
Plort 3 
19^4 
Notill 1 1 
IZA J - - 1  
Plol 1 
19^3 
Chisel 
plo}v 
North 
r\. 
r " "  
Plo{ 15 
19&3 
Noitill 
1 
1 
1 
1 
1 
1 
1 
1 
1 
• 
1 
1 
1 
1 
1 
1 
• 
• 
1 
1 
1 
1 
1 
Plof 11 
19^4 
Chisel 
plow 
=lof 10 
19^3 
No|till 
1 
• 
3|0l 24 
19^4 
Nojtlil 
1 
Pl0» 23 
19^4 
Ch^el 
pidw 
1 
1 
1 
1 
1 
1 
I 
Plo» 21 
Ch&el 
pl(}w 
cones 1 
1 
1 
1 
1 
1 
1 
^ J . , j  
1 
1 
1 
1 
1 
1 
• 
1 
1 
1 
1 
1 
1 
• 
• • 
1 
1 
1 1 
1 
1 
• 
3|o1j31 
Noitill 
coijes 
1 
• 
Plo{ 30 
1963 
Chisel 
pidw 
='lot|29 
1993 
No }ill 
1 
• 
Plo{28 
1964 
Noitill 
1 
Plot|27 
1994 
Chisel 
pldiw 
0.-.. Water collection sumps and 1.2-m-deep subsurface drainage lines 
Figure 1. Site layout showing the location and tillage treatment of the 12 plots 
from which samples were collected in either 1993 or 1994 and of 
plots 21 and 31 from which soil columns were removed in 
November 1993. 
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Sample analysis The National Soil Tilth Lab, Ames, lA, tested all soil 
samples for alachlor using a standardized, highly automated procedure. 
Metabolic products of alachlor were not quantified. To analyze soil samples for 
alachlor, a weighed sample of soil was vortexed 5 min with an extraction solvent 
(4:1 v/v methanol and water). After equilibrating for 12 h, the mixture was 
centrifuged and the methanol-water solution was decanted. More extraction 
solvent was added to the soil, the mixture was again vortexed for 2 min and 
centrifuged, and the solvent was decanted. The extraction solvent was reduced to 
3 mL or less by evaporation at 50 °C in a nitrogen atmosphere. Organics were 
adsorbed from the solvent with an Analytichem International C-18 cartridge 
which adsorbs organic compounds, including alachlor. Alachlor was then 
selectively eluted from the cartridge with ethyl acetate, which contained an 
internal standard of 0.55 ng mL'^ terbuthylazine [l,3,5-triazine-2,4-diamine, 6-
chloro-N-(l,l-dimethylethyl)-A['-€thyl-terbuthylazine]. Alachlor concentrations 
in the ethyl acetate solution were quantitated by a capillary gas-chromatograph 
with an NP detector and helium carrier. The results were reported as mg kg"' a.i. 
on a dry-soil basis. The minimum detection limit for alachlor in soil samples 
was 5 mg kg"^ a.i. In a 10 cm deep layer of soil, 5 mg kg'^ a.i. is equivalent to 6.8 to 
9.0 g ha"' a.i. for a corresponding soil bulk-density range of 1.35 to 1.80 g cm'^. 
Ten percent of all soil samples extracted and analyzed by the National Soil 
Tilth Lab (NSTL) were~ controls that were spiked a minimum of 15 h before 
initial extraction with 10, 50, or 100 mg kg"' a.i. of alachlor. In addition, all soil 
samples were spiked with 10, 50, or 100 mg kg"' of terbutryn [l,3,5-triazine-2,4-
diamine, N-(l,l-dimethylethyl)-N '-ethyl-6-(methylthio)-terbutryn] surrogate 
shortly before extraction. Typically, control recoveries for all three spike amounts 
have averaged 77% with a 1.6% standard error of the mean for alachlor. No 
adjustments were made to the data to account for analytical variability, since this 
variability is much smaller than the overall variability among samples. No 
correction for less-than-100% recovery was applied either, since more error is 
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potentially introduced by applying averaged recoveries for control samples to 
analyses of specific samples. Long-term studies by the NSTL have shown no 
detectable change in alachlor levels while soil cores are held in frozen storage (R. 
L. Pfeiffer, personal communication). 
All results were converted from mg kg"' a.i. to a kg ha"' a.i. basis using the 
appropriate conversions and the bulk soil density and predominant soil type in 
each plot. The mean and the standard error of the mean (equal to the standard 
deviation divided by the square root of the number of observations) were 
calculated for each depth range and sample time. The means were tested for 
significant differences by calculating t-test values (Steel and Torrie, 1980). 
Laboratory column experiment 
Column collection A total of 16 large-diameter soil columns were 
removed in November 1993 for an alachlor dissipation and leaching experiment. 
Eight were taken from plot 21 and the rest from plot 31 (Figure 1). Plot 31 was in 
no-till since 1977 and was cropped with com from 1977 through 1992. It was 
planted with soybeans in 1993 to accommodate another study. Plot 21 was in 
chisel-plow tillage and planted with corn from 1977 through 1993. To minimize 
variability due to soil composition, all 16 columns were collected as close 
together as was practical from soil in the same soil-map type (Readlyn loam). 
Galvanized-steel, 20-cm-diameter pipe was cut into lengths about 45 cm 
long. A bevel was filed on one cut edge to reduce the force needed to press the 
pipe into the soil. To indicate the desired depth of the soil core, the inside 
circumference of each pipe was marked 30 cm from the beveled edge. Two 
opposing, 1.2-cm holes were drilled with their centers about 2.5 cm from the 
unbevelled edge. These holes allowed the pipe section to be pinned to a pressure 
plate on the hydraulic ram of a tractor-mounted soil sampler. 
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In the field, the plant residue was removed from a selected spot of soil, 
and the residue was saved. A pipe section was pinned to the pressure plate and 
positioned on the cleared soil. To reduce compaction, the pipe was pushed into 
the soil as slowly as possible. When the soil in the pipe rose to the 30-cm mark, 
the soil column and encasing pipe were pulled out of the soil and detached from 
the pressure plate. The cleanly-broken subsurface face of each column was left 
undisturbed to avoid altering the pore structure. The plant residue saved earlier 
was put on the surface of each column for future use. Both ends of the colimin 
were gently covered with aluminum foil, and a rigid protective cover was taped 
over the ends. The columns were frozen within four hours of collection. 
Experimental procedure The 16 soil colximns were thawed at room 
temperature, and the protective wrappings were removed. The plant residue was 
removed from the columns, and large pieces of roots, corn cobs, and thick stems 
were removed from the residue. The remainder was chopped into pieces about 3 
cm square. A 20-cm circle of fine steel-wire mesh was laid over the subsurface 
end of each column, and a reinforcing square of coarser wire mesh was wrapped 
over the fine screen and secured to the outside of the column. The columns were 
saturated from the bottom with deionized water over a 17 d period. After 
draining for 4 d, they were placed, in random order, in a 4-by-4 grid. The bottom 
of each colimin rested in a large metal funnel that would chaimel drainage water 
into a collection jar. Since minimal alachlor was expected to leach through the 
columns by matrix flow, no suction was applied to the column bottoms, so only 
water flowing through the soil by gravity was collected. 
Two soybean seeds were planted in the center of each soil column. Plant 
residue was spread in a thin layer over 60% of the surface area of no-till columns 
and over 30% of the surface of chisel-plow columns. A solution of deionized 
water and commercial-grade emulsifiable alachlor was then sprayed by hand 
over the surface of each column at a rate of 2.2 kg ha ' a.i. The product literature 
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recommended that 23 mL m"' be applied to cropland, which is equivalent to 0.75 
mL per column. A more practical volume of 5 mL was sprayed on each column 
instead, for a rate of 154 mL m"^. This larger volume of liquid just wet the soil, 
however, so most of the alachlor remained on the surface, as desired. 
After the alachlor solution had dried, a fan was turned on to provide a 
driving force for alachlor volatilization. The wind speed at the surface of the 
columns was adjusted using a mechanical windspeed gage to 4 m s"' or less. This 
value is the 50-yr average windspeed at the Nashua site in June. The fan was 
permanently shut off after a 9 d period of continuous ventilation. 
Beginning 7 d after alachlor was applied, 25 mm of deionized water was 
applied to each column once a week at an intensity of 50 mm h ' and a duration 
of 30 min. No surface-water runoff was allowed. The 25-mm amount is the 
average weekly precipitation in Iowa during the months of June, July, and 
August for the years 1950 through 1990. The intensity and duration are typical of 
about 50% of the rain storms that occur at Nashua (i.e.: this is the 2-year-retum-
period rainfall). The only exception to this plan occurred when 31 mm were 
applied to offset the marked drying caused by the fan ventilation. 
The precipitation was applied with a rain simulator made from 
hypodermic needles and acrylic plastic (Figure 2). When the soybean plants were 
small, the rain simulator rested on top of the pipe which extended about 15 cm 
above the surface of each soil column. After the plants grew out of the enclosing 
pipe, a 30-cm-long acrylic extension was temporarily attached to each pipe, and 
the simulator was put on top of the extension. All water that drained from each 
column was collected, the total volume was measured and recorded, and 
samples were submitted for alachlor analysis. In some cases, small water samples 
were combined to make a composite sample large enough for reliable analysis. 
One no-till column and one chisel-plow column were removed from the 
experiment on each of the following days after alachlor was applied: 1, 5, 9,15, 29, 
Not to scale. All dimensions are approximate 
1. Bolt, 2 washers, nut (8 assemblies).Tighten to 5. 
compress gaskets for a watertight seal ^ 
2. Hypodermic needles, approximately 61 each, -j 
press-fit into holes drilled through one 
faceplate, typical placement shown 
8. 
3. Acrylic faceplate (2 each), 10 mm thick 
4 Neoprene gasket (2 each) fitted into a routed g 
recess in the faceplate 
Figure 2, Rain simulator used to apply 
Acrylic cylinder (1 each), 4 mm wall thickness 
Air vent with water-tight plug 
Water reservoir formed by body cylinder and faceplates 
distributes water at constant pressure to all needles 
Nipple and nut (1 assembly) connecting plastic tubing 
to faceplate 
Tubing connecting the rain simulator to a metering pump 
water to soil columns. 
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35, 54, and 75 d. The sacrificed columns were cut radially with a bandsaw into 
sections representing the O-to-lO-cm and lO-to-30-cm depths. Each pipe section 
was then cut axially to release the soil block inside. The soil and plant residue in 
each section were removed, crumbled, thoroughly mixed, and sampled, using a 
method similar to that described for compositing field-soil samples. 
Sample analysis All soil and water samples from this soil-column experiment 
were analyzed by the National Soil Tilth Lab using the soil testing procedure 
previously described. Water samples were analyzed for alachlor by adding 
propazine surrogate to a 250 mL sample, then passing the sample through an 
Analytichem International C-18 cartridge which adsorbed organic compounds, 
including the herbicides of interest. The herbicides and surrogate were eluted 
from the cartridge with 2 mL of ethyl acetate containing internal standards. The 
alachlor in the ethyl acetate solution was then quantified by mass spectroscopy. 
The minimtmi detection limit for alachlor in water samples was 0.2 mg kg ' a.i. 
As in the field-sampling experiment, all laboratory results were converted from 
mg kg ' a.i. to a kg ha ' a.i. basis. If there were replicate data, the mean, standard 
error, and f-test values were calculated. 
Results and discussion 
Field sampling experiment 
A comparison of tillage treatment data shows slightly less alachlor in no-
till plots than in chisel-plow plots for both 1993 (Figure 3) and 1994 (Figure 4), but 
these tillage differences were small. Based on the nominal application rate of 2.2 
kg ha"', the time to 90% dissipation of alachlor in the O-to-30-cm soil layer was 
roughly 25 d in 1993, but only about 17 d in 1994. 
In both years, rain had not washed much of the alachlor on plant residue 
into the soil by the time of the first soil sampling. Helling et al. (1988) reported 
that about 75% of the alachlor applied to no-till soil was on plant residues on the 
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day of application. Tremwel (1985) found 61% of the alachlor applied to 
conservation-tilled soil was on plant residues 1 d after application. Allowing for 
this factor, the half-life (time to 50% dissipation) was roughly 2 d. Wind-drift and 
volatilization losses were the probable causes of this brief half-life. 
In the first 20 d after alachlor was applied in 1993, more alachlor was 
retained in the O-to-lO-cm layer of chisel-plow soil, while more was transported 
to the lO-to-30-cm layer of no-till soil (Figure 3). These opposing trends resulted 
in no significant differences between tillages in the overall 30-cm soil layer. After 
day 20, there were only slight differences between tillage treatments. 
In 1993, 18 mm of rain fell in the first 5 d after alachlor was applied. Daily 
amoimts ranged from 1 to 8 mm. The total water evaporation from the soil 
during that time was 3.6 mm, with daily amoimts from 0.2 to 1.5 mm. Daily 
evaporation rates were estimated by first calculating the daily grass 
evapotranspiration (ET) (Cuenca, 1989) and the fraction of soil covered by foliage 
and plant residue (Cuenca, 1989; Hanks and Richie, 1991). Water evaporation 
from the soil was then calculated as a fimction of grass ET (Walker and Barnes, 
1981) and ground cover fraction. Water evaporation rates indicate the intensity 
of factors such as solar radiation, air temperature, relative humidity, and wind 
speed that drive not only water evaporation, but alachlor volatilization. 
In 1994, there was slightly, but significantly more alachlor in the O-to-10-
cm layer of chisel-plow soil during the first 40 d after application (Figure 4). 
There were no differences between tillage treatments afterwards. These trends 
were echoed in the data for the entire 30-cm soil profile, since alachlor in the 10-
to-30-cm soil layer was minimal. No rain feU the first 3 d after alachlor was 
applied, then a total of 17 mm of rain fell on days 4 and 5. Water evaporation 
during that time was 4.2 mm; daily amounts ranged from 0.3 to 1.2 mm. 
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Chisel plow 
A Precipitation 
—"Water evaporation 
0 20 40 60 80 100 
Time since application (d) 
Figure 3. Overall field dissipation of alachlor for 1993 in (a) the O-to-10 cm soil 
layer, (b) the lO-to-30 cm soil layer, and (c) the entire O-to-30 cm soil 
layer. Error bars indicate the standard error of each mean. 
Probability values adjacent to some data pairs indicate significant 
differences of 0.10 or smaller between tillage treatments. 1993 
precipitation and soil-water evaporation are shown in (d). 
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Figure 4. Overall field dissipation of alachlor for 1994 in (a) the O-to-10 cm soil 
layer, (b) the lO-to-30 cm soil layer, and (c) the entire O-to-30 cm soil 
layer. Error bars indicate the standard error of each mean. 
Probability values adjacent to some data pairs indicate significant 
differences of 0.10 or smaller between tillage treatments. 1994 
precipitation and soil-water evaporation are shown in (d). 
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The light rains that fell during the first 3 d after application in 1993 may 
have increased alachlor persistence that year, compared with 1994. These rains 
would have washed alachlor off plant residue and into the soil, thus reducing 
the amount available for the faster dissipation (and for weed control) and 
increasing the pool of alachlor available for slower dissipation. During these 
crucial rains, alachlor also appears to have been transported deeper into no-till 
soil by preferential flow, while alachlor in chisel-plow plots may have been 
leached into surface soil mainly by matrix flow. In the first 3 d after alachlor 
application in 1994, however, most of the alachlor would have remained on the 
soil surface and on plant residue, since there was no rain. This probably increased 
volatilization and shortened overall persistence. 
Laboratory column experiment 
Before the first simulated 25-mm rainfall on day 7, fan ventilation had 
dried the soil, so minimal amovmts of water drained from the columns (Figure 
5). After the fan was turned off on day 9, much more water flowed from the 
columns until day 27, when water drainage was cut again by soybean 
transpiration. When there was appreciable drainage, more water was collected 
from no-till soil columns than from chisel-plow columns, although none of the 
differences were significant at a probability of 0.10 or smaller. In previous field 
studies at the Nashua site, tillage was not an important factor in the amotmt of 
water flowing into the subsurface drainage system (Weed and Kanwar, 1995). 
In the first 21 d, no-till columr\s tended to have more alachlor leaching 
loss than chisel-plow columns. But the only significant tillage difference at a 
probability of 0.10 or less occurred during the rain on day 21 (Figure 5). In 
subsequent rainfalls, alachlor losses from both treatments were essentially the 
same. The total loss was small; leaching removed only 1.6% of the alachlor 
applied from no-till columns and 0.4% from chisel-plow columns. A 3-year field 
study at the Nashua site found more herbicide leaching from no-till plots than 
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from plots under other tillage treatments, including chisel plow. These losses, 
while significant, were small; only 0.0002 to 0.10% of the alachlor applied leached 
through 1.2 m of soil into the subsurface drainage system (Weed et al., 1995). 
Alachlor dissipation in the soU colimins (Figure 6) was similar to 
dissipation in the field (Figure 3 and Figure 4), although the effect of tillage was 
less distinct in the laboratory experiment. The half-life was about 3 d, and the 
time to 90% dissipation was roughly 30 d. Most of the alachlor remained in the 
upper 10 cm of the colxmms. There was no peak in alachlor content in the lower 
20 cm, unlike the 1993 field study. This suggests that water flow through the soil 
matrix did not contribute much to alachlor leaching in this experiment. 
0.016 
0.08 
£ 0.012 
Chisel plow 
""<3—No till 0.15 
0.008 
0.19 
0.004 
0.000 
20 
I 
E 
E 
0.20 
0.15 
0 10 20 40 50 30 
Days since application 
Figure 5. Losses from all soil colxmms of (a) alachlor and (b) water. Error bars 
indicate the standard error of each mean. Probability values adjacent 
to some data pairs indicate significant differences of 0.20 or smaller 
between tillage treatments. 
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Figure 6. Overall dissipation of alachlor in (a) the O-to-10 cm soil layer, (b) the 
lO-to-30 cm soil layer, and (c) the entire O-to-30 cm soil layer of 
sequentially-sacrificed pairs of soil columns. Precipitation amounts 
and estimated water evaporation from the soil are shown in (d). 
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Warm air and soil temperatures, low relative humidity, and continuous 
air flow during the first week of the laboratory study (Table 2) raised the driving 
force for water evaporation (Figure 6) and thus for alachlor volatilization. Most 
of the alachlor remained on the surface of the soil columns until the rain on day 
7. Wind-drift loss of alachlor was not a factor, since the fan ventilation was not 
turned on imtil the solution had completely dried. As a result, most of the 1.6 kg 
ha ' of alachlor that dissipated by day 7 apparently did so by volatilization. The 
overall rate of alachlor dissipation in this experiment is similar to that in the 
field experiments previously described, which implies that wind-drift loss may 
not have been a major factor in the field experiments, or that the initial 
volatilization in the laboratory was comparable to the combined wind-drift loss 
and initial volatilization in the field. 
Table 2. Environmental conditions in the first week after alachlor 
application 
Temperature Relative Solar Wind 
Air Soil humidity radiation speed 
Study °C °C % mmd'^ kmd' 
1993 field 13 14 80 5.6 241 
1994 field 19 18 65 8.8 177 
Laboratory 21 21 25 1.0 345 
Summaiy and conclusions 
Regardless of tillage, the overall half-life was 2 to 3 d, and the time to 90% 
dissipation ranged from 17 to 30 d. The initial dissipation rate was apparently 
accelerated by wind-drift loss during application or volatilization immediately 
after application. Future work on alachlor dissipation should better characterize 
the magnitudes of these losses. Alachlor dissipated slightly faster in no-till soil, 
although this effect also depended on weather that favored movement into and 
dissipation within the soil, rather than dissipation on the soil surface. 
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Most of the alachlor in the soil was found in the top 10 cm at all times. 
Alachlor leached through no-tiU soil more quickly and in larger amounts than 
through chisel-plow soil. These differences were often small and inconsistent, 
however, because the amount of leaching may have depended on whether it 
rained within one day after alachlor application. 
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A SIMPLE MODEL OF ALACHLOR DISSIPATION' 
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Abstract 
Alachlor [2-chloro-Af-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] 
dissipation shows two characteristics: (1) rapid, initial loss followed by slower 
degradation and (2) sensitivity to environmental conditions including 
precipitation patterns, soil temperature, and soil-water content. A model was 
developed to simulate alachlor dissipation in cropland soil. The model requires 
only easily-collected weather, soil, and pesticide information. It predicts the daily 
amount of alachlor in the soil and calculates times for 50% and 90% dissipation. 
The model was calibrated with data from 30-cm-deep field-soil samples and 
weather records from the 1993 growing season. Using 1992 and 1994 
environmental data, the model predicted dissipation trends that fit field-sample 
data accurately. The half-life (time to 50% dissipation) was 1 d for all 3 years. 
Time to 90% dissipation was 18 d for 1992, 23 d for 1993, and 15 d for 1994. 
Keywords: half-life, two-compartment model, degradation, simulation 
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Introduction 
Alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] 
dissipates in the field mainly by microbial degradation and volatilization 
(Beestman and Deming, 1974; Chesters et al., 1989; Walker et al., 1992; Walker 
and Welch, 1991). But volatilization and microbial degradation interact with 
each other and with environmental factors such as precipitation, air movement, 
soil composition and temperature, and soil-water content. This causes the 
overall rate of alachlor dissipation to be highly variable. 
In a number of field-dissipation studies, the overall alachlor half-life (time 
required for 50% loss of the amount applied) was estimated to be 24 d with no 
significant effect from tillage or crop treatments (Weed et al., 1995), 18 to 45 d 
based on date of application and type of soil (Walker et al., 1992), 1 to 39 d in no-
till soil depending mainly on weather (Helling et al., 1988), 6 d in either no- or 
conventional-till soil (Wienhold and Gish, 1994), 20 to 40 d depending on the 
nvmiber of previous alachlor applications (Walker and Welch, 1991), and 7 to 20 
d depending on tillage method and residue cover 0ones Jr. et al., 1990). 
Models suitable for predicting alachlor dissipation range from the simple 
to the complex, with accompanying advantages and disadvantages. 
Empirical models 
The simplest models of pesticide dissipation are empirical relationships 
that liimp the effects of individual dissipation processes, such as volatilization, 
leaching, sorption, plant uptake, and microbial and chemical degradation, into 
an overall relationship. A disadvantage of empirical models is that they have 
little or no theoretical basis, so they do not provide a realistic mechanism for 
dissipation. These "black box" models simply relate the amount of pesticide in 
the soil to time and possibly to a limited number of other factors. Empirical 
models may also not be able to accurately predict dissipation of pesticides such as 
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alachlor (Helling et al., 1988; Walker et al., 1992; Weed et al., 1995). One widely-
used empirical model is the first-order equation which is (Paul and Clark, 1989) 
where = pesticide content at time t, kg ha '^ 
CQ = pesticide content at time t=0, kg ha "^ 
k = overall dissipation rate constant, d ' 
t = time since pesticide was applied, d 
The accuracy of a first-order model may be improved by using thermal 
time, rather than time alone. Thermal time (tj is (Hill and Schaalje, 1985) 
where = thermal time, °C-d 
r, = average daily soil temperature, ° C 
=reference temperature, ° C 
At=time, 1 d 
A temperature between 0 and 10 °C at which microbial activity becomes 
negligible (Paul and Clark, 1989), is a reasonable choice for 
Mechanistic models 
Unlike lumped models, mechanistic models treat dissipation as a series of 
individual loss processes, and the sum of the individual losses is the overall 
pesticide dissipation rate. The major advantage of mechanistic models is that 
they provide a reasonable theoretical framework of pesticide movement and 
dissipation in the soil. A disadvantage of mecharustic models, however, is that 
they may require data that is difficult to acquire or that must be estimated. 
Furthermore, even carefully developed theory and precisely measured input 
data do not always adequately describe dissipation in the field, so the predictive 
ability of mechanistic models may not be satisfactory. 
(1) 
(2) 
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A variety of mechanistic models have been developed (Boesten and van 
der Linden, 1991; Hutson and Wagenet, 1993; Jury et al., 1983). One example of a 
mechanistic model is the individual-dissipation-pathway (IDP) model used in 
the Root Zone Water Quality Model (RZWQM).' For pesticide dissipation from 
root-zone soil, the IDP model is" 
Q = (3) 
where Ky = pesticide diffused from the root zone, kg ha ' 
The overall dissipation rate constant is defined as 
Jc — Ic Jc ic Jc Jc 4-^ Jc 
'^aercbicDegradation ~ anaercbicDegradatipn ~'^reducHott hydrolysis ^oxidation ^complexation ^other 
Each individual rate constant in Equation 4 and the diffusion rate, K^, can 
be determined experimentally or be calculated from empirical equations 
provided in the RZWQM documentation. 
Hybrid models 
Between empirical and mechanistic models are what we call hybrid 
models. In such models, empirical relationships minimize the data 
requirements, but a simple theoretical structure also provides a general concept 
of the dissipation process. 
Walker model The hybrid WaUcer model predicts dissipation using an 
empirical relationship to determine the half-life from the soil-water content 
(Equation 5), the Arrhenius equation to adjust the half-life for differences in soil 
temperature (Equation 6), and a first-order function to relate the pesticide 
dissipation rate to the half-life (Equation 7) (Walker, 1974; Walker and Barnes, 
1981). The key equations in this model are 
'Version 1.0, May, 1992. Developed by the U.S. Department of Agriculture-Agricultural Research 
Service-Great Plains Systems Research Unit. Fort Collins, CO 80522. 
'ibid 
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(5) 
where H i = half life at and temperature T,, d 
a = empirical constant, dimensionless 
b = empirical constant, dimensionless 
9„, = soil water content, %-w I w 
H, R 
^ 1 1 ^ 
T, Z 
(6) 
2 y 
where H 2 = half life at 0,„ and Tj, d 
AE = pesticide activation energy at T,, J mol or cal mol 
R = univeral gas constant, 8.31434 J - K molor 1.99 cal - K mol' 
= reference soil temperature, K 
Tj = ambient soil temperature, K 
AC f 
— =-kC. , =ln0.5 
N: 
C ^ 
H 
(7) 
2 y 
AC 
where — = change in pesticide content from time t-1 tot, kg ha 
k = overall dissipation rate constant, d'^ 
Cj., = pesticide content at time f -1, kgha"^ 
The Walker model accurately predicted the loss of incorporated 
napropamide (Walker, 1974), incorporated prometryne (Walker, 1976a), simazine 
in cropped plots (Walker, 1976b), and surface-applied propyzamide (Walker, 
1976c). These are pesticides that dissipate mainly by chemical or biological 
degradation. Although the model allows for the influence of environmental 
conditions, it is not accurate for pesticides, such as alachlor, that dissipate by 
processes such as photolysis or volatilization. The pesticide-specific values of a, b, 
k, and AE must also be determined by laboratory dissipation experiments at 
controlled moisture and temperature levels. 
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Two-compartment model Another example of a hybrid model is the 
two-compartment model (2CM) (Hill and Schaalje, 1985). This model permits 
two modes of dissipation: faster first-order dissipation of a pesticide on the soil 
surface, such as volatilization, and slower first-order dissipation of a pesticide 
within the soil structvire, such as microbial degradation (Figure 1). The 
incremental change in pesticide content for each compartment is 
— (8) 
ao 
where = change in pesticide content in compartment 1 from 
time t - l t o  t ,  kg ha ' d ' 
kf =fast dissipation rate constant, d'^ 
kf = transfer rate constant, d '^ 
C, J = pesticide content in compartment 1 at time t -1 ,  kg ha ' 
=k,C ,  -KC,  (9) 
AC 
where = change in pesticide content in compartment 2 from 
time t - 1  t o t ,  k g  ha'^ d' 
kf = transfer rate constant, d"^ 
kg = slow dissipation rate constant, d'^ 
J = pesticide content in compartment 2 at time t -1 ,  kg  ha"' 
The 2CM fit the overall dissipation of surface-applied deltamethrin, 
especially when thermal time (Equation 2) was used (Hill and Schaalje, 1985). It 
predicted the dissipation of surface-applied alachlor more accurately than a first-
order model (Weed et al., 1995). Both pesticides dissipate mainly by volatilization 
and microbial degradation (Qiesters et al., 1989; Hill and Schaalje, 1985). 
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Pesticide application to the soil surface, C^ 
Dissipation on tlie soii surface 
Pesticide transported into tlie soil 
Cf/ffAJ 
Dissipation within the soii 
^C2ksAt 
Compartment 1 
Compartment 2 
Figure 1. Two-compartment model, adapted from Hill and Schaalje (1985). C, 
and C, are the amounts of pesticide in Compartments 1 and 2 at 
time t. Coefficients k^, and k^ are empirical rate constants, and At 
is an incremental step from time t to time t+1. 
An advantage of the 2CM compared with the Walker model is that the 
rate constants are determined from field data, with no additional laboratory 
work. A major disadvantage of the 2CM, however, is that it does not account for 
weather, soil conditions, or pesticide properties. The model followed the initial 
and final data closely in the Weed et al. (1995) study, but it deviated from the 
trend suggested by data in the transition region (Figua-e 2). If time (or thermal 
time, results not shown) is the only explanatory variable, the 2CM cannot predict 
alachlor dissipation as accurately as might be desired. 
Goals of study 
The goals of this study were to develop and validate a model of alachlor 
dissipation that incorporates easily-collected weather, soil, and alachlor 
information into the 2CM. The modified two-compartment model (M2CM) 
should not require specialized laboratory experiments, and it should predict the 
time for 50% and 90% dissipation and the daily amount of alachlor in the soil. 
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100 50 150 0 
Time since application (d) 
Figure 2. Dissipation of alachlor as predicted by the two compartment model. 
Data points shown are from 100-cm-deep field-soil samples collected 
in 1990, 1991, and 1992. Adapted from Weed et al. (1995). 
Materials and methods 
The M2CM was calibrated and validated using alachlor dissipation data 
from field-soil sampling experiments completed in 1992, 1993, and 1994 at Iowa 
State University's Northeast Research Farm near Nashua, Iowa. Detailed 
information about this site and the design of these experiments is provided 
elsewhere (Kanwar, 1991; Karlen et al., 1991; Weed et al., 1995). Briefly, alachlor 
was broadcast sprayed on all 0.4-ha plots at a rate of 2.2 kg ha ' a.i. (active 
ingredient) immediately after soybeans [Glycine max (L.) Merr.] were planted. 
The soybean crop was part of a two-year soybean-corn [Zea mays (L.)] rotation. 
The herbicide was not incorporated into the soil. The alachlor mixture applied 
was a commercially-available emulsifiable concentrate diluted with water 
according to manufacturer's directions. This application procedure had been 
consistently followed from 1977 through 1994. 
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In the 1992 experiment, soil samples were gathered 3 times during the 
growing season from 12 rotation-soybean plots. For each sampling time, 3 soil 
cores were removed from every plot. Since 1977, three of these plots had been 
chisel-plow tilled, 3 had been moldboard-plow tilled, 3 had been imder no-till, 
and the rest had been ridge-tilled (Weed et al., 1995). 
In both 1993 and 1994, soil samples were collected 8 times during the 
growing season from 6 rotation-soybean plots. Three plots had been ridge-tilled 
for the previous growing season and chisel-plow tilled for the current growing 
season. The other 3 plots had been no-till managed since 1977 (D. A. J. Weed et 
al., unpublished paper). In these experiments, 5 soil cores were removed from 
each plot for each sample date. In all years, replicate soil cores were composited 
into samples for each plot and date. The samples were then extracted with a 
methanol-water solution, and the alachlor in the purified extracts was 
determined by gas chromatography. 
We chose to include wind-drift loss during application as an integral part 
of the overall dissipation rate, since it is an unavoidable part of broadcast-
spraying in typical agricultural practice. The initial alachlor content in the 0-to-
10-cm soil layer was thus set at the calibrated application rate of 2.2 kg ha ', and 
no soil samples were collected immediately after application. This approach was 
also taken by Glotfelty et al. (1989) in a study of alachlor volatilization and wind 
erosion. The residual alachlor in the lO-to-30-cm soil layer at the time of 
application was estimated at 0.024 kg ha'\ This is the average alachlor content in 
lO-to-30-cm-deep soil samples collected on 29 April 1992, shortly before alachlor 
was applied to plots at the experimental site. 
For all sampling times in 1993 and 1994 and for the September and October 
sampling times in 1992, tillage did not appreciably affect the alachlor dissipation 
rate, however, so all data for the O-to-30-cm depth were averaged together to test 
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the M2CM model (Table 1). For the 23 June 1992 sampling time, however, the 
alachlor content of 0.521 kg ha ' in moldboard- and chisel-plow plots was 
significantly higher (p = 0.01) than the 0.131 kg ha ' average in ridge- and no-till 
plots. The model performance was tested against both averages. 
Table 1. Data sets used for calibrating and validating the M2CM model. 
Alachlor content in all cases is the amount measured in the upper 
30-cm soil layer. 
Sample source Date 
m/d/y 
Day of 
year, d 
Time since 
application, d 
Alachlor 
kg ha"' 
Project 1:1992 05/06/92 127 0 2.224 
field samples^ 06/23/92 175 48 0.521* 
0.131* 
09/18/92 262 135 0.045 
10/21/92 295 168 0.036 
Project 2a: 1993 05/26/93 146 0 2.224 
field samples^ 05/27/93 147 1 1.174 
06/01/93 152 6 0.939 
06/08/93 159 13 0.637 
06/17/93 168 22 0.261 
06/25/93 176 30 0.081 
07/07/93 188 42 0.057 
07/20/93 201 55 0.044 
08/20/93 232 86 0.037 
Project 2b: 1994 05/19/94 139 0 2.224 
field samples^ 05/20/94 140 1 0.388 
05/27/94 147 8 0.539 
06/02/94 153 14 0.224 
06/08/94 159 20 0.224 
06/21/94 172 33 0.082 
06/28/94 179 40 0.046 
07/28/94 209 70 0.021 
08/24/94 236 97 0.022 
Weed et al. (1995) 
0.521 kg ha"' is the average for moldboard- and chisel-plow tillages, 0.131 kg ha ' is 
for no- and ridge-till 
D. A. J. Weed et al., unpublished paper 
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Model development 
The M2CM model incorporates precipitation, root-zone water content, 
soil-water evaporation, and relative volatility into the original 2CM (Figure 3). 
Compartment 1: Dissipation on the soil surface 
Water evaporation The rate of water evaporation from the soil is a 
convenient indicator of weather conditions such as air movement, soil and air 
temperatures, and solar radiation that drive volatilization. We assumed that 
alachlor volatilization is directly proportional to water evaporation, and 
volatilization from plant residue is similar to that from the soU surface. Water 
evaporation from the soil is limiped with plant transpiration in calculations of 
evapotranspiration (ET). Several methods are used to estimate ET for irrigation 
scheduling, including the Blaney-Criddle, Linacre, Penman, and Priestly-Taylor 
equations and their variations (Cuenca, 1989; Rosenberg et al., 1983). We chose 
the FAO-modified Penman model which requires inputs of solar radiation, wind 
speed, precipitation, minimum and maximum air temperatures, soil 
Pesticide application to the soii surface, Cq 
Dissipation on the soii surface 
Ci kf At (water evap) (relative volatility) 
Pesticide transported into the soii 
Cf kf At (precipitation) 
Dissipation within the soii 
C2 kg At AT (root-zone water fraction) 
Compartment 1 
Compartment 2 
Figure 3. Modified two-compartment model (M2CM) 
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temperature, and relative humidity. From this data, the model predicts the daily 
ET for a well-watered, perennial grass crop. The maximum rate of water 
evaporation from bare soil is assumed equal to pan evaporation (Walker, 1974), 
which is linearly proportional to the grass-crop ET (Cuenca, 1989). 
Water evaporation [and alachlor volatilization (Beestman and Deming, 
1974; Walker et al., 1992)] declines if the surface layer of soil is dry (Rosenberg et 
al., 1983; Walker, 1974). The plant-available water content (PAWC) of 0% is 
equivalent to the wilting-point water content and 1500 kPa water tension. A 
PAWC of 100% is equivalent to the field-capacity water content and 33 kPa water 
tension. Adapting an equation from Walker (1974) to this PAWC range results in 
evapFactor =o.l(lO^"'^''""'"=) (10) 
where evapFactor = factor limiting water evaporation, dimensionless 
surfWaterFrac = water-content in top 10 cm of soil, w/w fraction 
The variable surfWaterFrac is set equal to 100% PAWC on the first day of 
the simulation, which may be the first day of the calendar year. Subsequent 
adjustments are based on the maximtmi plant-available water capacity of the soil 
(measured in mm of water per 100 mm of soil). Changes in surface PAWC are 
estimated from precipitation and water evaporation values (Equation 11). 
Shading from plant-residue cover or a crop canopy reduces evaporation to 
roughly 10% of the bare-soil evaporation (Rosenberg et al., 1983). Allowing for 
shading and for variation in surface PAWC, evaporation from the soil is 
evap = (evapFactor )[l - gmdCover + 0. l(gmdCover)] (11) 
where evap = evaporation from soil, mm d"^ 
grassET = ET from well-watered grass crop, mm d"' 
kPan = pan evaporation coefficient, dimensionless 
gmdCover = fraction of total soil area that is shaded, dimensionless 
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Relative volatility The water evaporation rate must be adjusted to 
account for differences in the volatilities of alachlor and water. We first assumed 
that sorption does not hinder alachlor volatilization, so volatilization from the 
soil solution is similar to that from aqueous solution. A second assumption is 
that alachlor and water behave as an ideal solution and an ideal-gas mixture, and 
that the gas and liquid phases are in equilibrium with each other at the soil 
surface. With these simplifications, the ratio of alachlor-vapor density to water-
vapor density is a predictor of the relative volatility of these two components. 
A dilute or slightly- soluble solute such as alachlor follows Henry's law 
which is written in terms of vapor density as 
vapDer^Ala = (solConcAlaX H) (12) 
where vapDenAla = vapor density of alachlor, mg L"' 
solConcAla = solution concentration of alachlor, mg L ' 
H = Henry's law constant for alachlor, dimensionless 
Henry's law constant is a measure of a chemical's tendency to volatilize or to stay 
in solution. In the form used here, this constant is defined as 
^ vapDenMaxAla 
solConcMaxAla 
where vapDenMaxAla = saturated vapor density of alachlor, mg 
solConcMaxAla = saturation ooncentration of aladilor in water, mg L' 
An ideal solvent such as water follows Raoult's law. Written in terms of 
vapor density, this relationship is 
vapDenWater = (solConcWater)(vapDenMax Water) (14) 
where vapDenWater = vapor density of water mg L ' 
solConcWater = solution concentration of water, mole fraction 
vapDenMaxWater = maximum vapor density of water, mg L'^ 
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Since the mole fraction of water approaches 1.0 for dilute aqueous 
solutions of alachlor. Equation 14 simplifies to 
vapDenWater = vapDenMax Water (15) 
The ratio of vapor densities for alachlor and water vapor in equilibrium with a 
particular solution is thus 
„ , (solConcAlaYH) 
relVol=7-^^ ^ (16) (vapDenMax Water ) 
w^here relVol = relative volatility of alachlor and water, dimensionless 
Substituting the definition of H, Henry's constant, this equation is 
relV 1 (solConcAla) (vapDenMax Ala) 
(solConcMaxAla) (vapDenMaxWater) 
Since alachlor concentrations are data that are not easily-acquired, the ratio of 
solConcAla to solConcMaxAla was replaced by the ratio of alachlor remaining 
in Compartment 1 to the initial application rate. Equation 17 resolves to 
„,Vol. <5211^ (vapDenMaxAla) 
(alaAppRate) (vapDenMaxWater) 
where boxlAla = alachlor remaining in Compartment 1, kg ha'^ 
alaAppRate = initial alachlor application rate, kg ha ' 
The final equation predicting daily dissipation from Compartment 1 is thus 
boxlLoss = (kfXrelV olXevapXboxl Ala) (19) 
where boxlLoss = dissipation from Compartment 1, kg ha"' d ' 
kf = empirical coefficient, mm ' 
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Transfer from Compartment 1 to Compartment 2 
We assumed that alachlor is carried into the soil by infiltrating rainfall. 
Washoff from plant residue and from the soil surface are lumped together. 
Diffusion is also ignored, since it is probably negligible during the short time in 
which Compartment 1 dissipation occvirs. The equation for this transfer is 
rainTrans = (ktX precipX box 1 Ala) (20) 
where rainTrans = alachlor transferred from Compartment 1, kg ha"^ d' 
kt = empirical coefficient, mm"^ 
precip = precipitation, mm d"^ 
Compartment 2: Slow dissipation within the soil 
Soil water content and soil temperature are key factors in the slow 
degradation of alachlor. It was assumed that thermal time (Equation 2) and 
PAWC are suitable measures of these parameters and that Compartment 2 
dissipation is proportional to these factors. Equation 2 in the model is 
thermTime = soilTemp - soilTempMin (21) 
where thermTime = thermal time, °C-d 
soilTemp = daily 10-cm-deep soil temperature, °C 
soilTempMin = minimum soil temperature, 10 °C 
The equation predicting daily dissipation from Compartment 2 is then 
box2Loss = (ksX pawcX thermTimeX box2Ala) (22) 
where box2Loss = alachlor dissipation from Compartment 1, kg ha^ d'^ 
ks = empirical coefficient, °C'' d'^ 
In this segment of the model, the minimum PAWC allowed is 0.1, so 
some dissipation will occur in Compartment 2 even when the soil is dry. 
Negative values of thermal time are set to zero. 
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Overall dissipation 
The alachlor in Compartments 1 and 2 and in the overall system is 
boxlAla = boxlAla - rainTrans - BoxlLoss (23) 
box2Ala = box2Ala + rainTrans - Box2Loss (24) 
totalAla = boxlAla + box2Ala (25) 
where boxlAla = alachlor in Compartment 1, kg ha ' 
box2Ala = alachlor in Compartment 2, kg ha"' 
totalAla = alachlor in both compartments, kg ha ' 
The value of variable boxlAla remains at 0 kg ha"' until the day of alachlor 
application, when it is set to the application rate. Then the amount in 
Compartment 1 is decreased each day (Equation 23). The initial value of boxZAla 
is 0 kg ha"'. If the residual alachlor content in the soil is known (or estimated) for 
a partioilar day before alachlor application, box! Ala may be set to that amount 
on that day. The amount of alachlor in Compartment 2 will remain constant at 
this level imtil it is supplemented with recently-applied alachlor transferred 
from Compartment 1 (Equation 24). 
General structure 
Although the basic M2CM is relatively simple, the calculations required to 
simulate crop ET, water evaporation, and soil-water content add complexity 
(Figure 4). A computer version was written in FutureBasic''^" version 1.02^ for 
the Apple Macintosh''''^ computer^. The uncompiled program consumes 28 kB of 
hard-drive memory. The data files, which use another 23 kB of memory, include 
one file of daily weather records (Table 2 ) and another of constant values (Table 
3). A year-long simulation typically runs in 30 s or less. 
' Zedcor, Inc., 4500 E. Speedway, Suite 22, Tucson, AZ 85712-5305 
® Apple Computer, Inc., 1 Infinite Loop, Cupertino, CA 95014-1010 
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& soil-water balance 
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Daily weather 
data 
FAO Penman 
(Grass ET j 
Figure 4. General structure of the complete M2CM model. 
Results and discussion 
The empirical coefficient values that best fit the 1993 data were 50,000 for 
kf, 0.3 for kt, and 0.01 for ks. Coefficient kf controls the rate of Compartment 1 
loss; raising kf steepens the rate of dissipation. Likewise, coefficient ks affects the 
rate of Compartment 2 loss; bigger values oi kt accelerate this dissipation rate. 
Coefficient kt determines the alachlor content in Compartment 2 during the 
transition from fast to slow dissipation. Larger values o{ kt increase the initial 
amount of alachlor in Compartment 2, thus slowing overall dissipation. 
If the variability in the data was accurately predicted by the model, each 
empirical coefficient would be equal to 1. The large value of coefficient kf 
suggests that the fast-dissipation segment is the least accurate part of the M2CM. 
The calctdation of relative volatility could be refined. Other factors could also be 
added, including accoimting for wind-drift loss during spray application and 
separating dissipation on plant residues from dissipation on the soil surface. 
The dissipation predicted by the model fits the 1993 data closely, even 
when the dissipation rate did not follow a smoothly decreasing trend (Figure 5). 
The M2CM indicated that 50% of the alachlor applied was gone within 1 d, and 
fast Compartment 1 dissipation was complete within 2 d. Starting the day of 
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Table 2 . Example data file for weather variables that change each day of the 
simulation. Only the first of 365 records is shown. 
Quantity Units Comments Value 
data file length total records one-time entry 365 
record number day of year 1 = 1 January 1 
precipitation mmd' 0 
average relative humidity % 83.45 
maximum air temperature °C -9.16 
minimum air temperature °C -20.74 
10-cm-deep soil temperature °C -4.21 
total incoming radiation mm d ' as evaporation 3.02 
total wind run kmd ' 105 
Table 3 . Example data file for variables that were constant throughout the 
simulation. 
Quantity 
latitude 
elevation above sea level 
wind measurement height 
day wind run/ night wind run ratio 
maximum relative humidity 
al coefficient 
bl coefficient 
a2 coefficient 
b2 coefficient 
maximum crop rooting depth 
maximum root-zone plant-available 
water content 
average residue cover 
pan evaporation coefficient 
planting date 
stage 1 time 
stage 2 time 
stage 3 time 
stage 4 time 
stage 1 crop coefficient 
stage 3 crop coefficient 
stage 4 crop coefficient 
alachlor application date 
alachlor application rate 
date for alachlor carryover amount 
alachlor carryover amount 
alachlor molecular weight 
alachlor vapor pressure 
alachlor water solubility 
compartment 1 coefficient, kf 
rain transfer coefficient, kt 
compartment 2 coefficient, ks 
* Values for these input variables are provided by Cuenca (1989). 
Units Comments Value 
degrees user defined 42 
m user defined 100 
m default: 2 m 2 
dimensionJess 1,2,3 or 4 4 
% 30,60 or 90% 90 
dimensionless FAO Penman^ 0.37 
dimensiotUess FAO Penman^ -0.04 
dimensionless FAO Penman^ 0.3 
dimensionless FAO Penman^ -0.2 
m FAO Penman' 0.6 
mm water in 100 user defined 20 
mm soil 
fraction user defined 0.45 
dimensionless FAO Penman^ 0.45 
day of year user defined 145 
d FAO Penman^ 20 
d FAO Penman' 35 
d FAO Penman' 60 
d FAO Penman* 15 
dimensionless FAO Penman' 0.4 
dimensionless FAO Penman^ 1.05 
dimensionless FAO Penman^ 0.45 
day of year user defined 145 
kg ha ' user defined 2.2 
day of year user defined 100 
kg ha"' user defined 0.087 
gmol' pesticide data 269.77 
mmHg,25°C pesticide data 0.000022 
mgL-',25°C pesticide data 242 
mn"' user defined 50000 
mm"^ user defined 0.3 
oc-id-2 user defined 0.01 
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application, daily 3- to 8-mm rains quickly transferred most of the alachlor into 
Compartment 2. This slowed the rate of alachlor loss, so another 23 d passed 
before the total dissipation reached 90%. The Compartment 2 dissipation rate 
increased in response to an abrupt rise in soil temperature on day 161. The 10-
cm-deep soil temperature averaged 9 °C dtiring days 146-160 and 15 °C for days 
161-175. Other factors were fairly constant during this 4-week period. The water 
content in the 10-cm soil layer varied little from its 74% average PAWC. Water 
evaporation rates were below 1 mm d"\ and rain fell frequently (Figure 6). 
After kf, kt, and ks were calibrated for 1993, simulations were run for 1992 
and 1994. For 1992, the model predicted that 50% of the alachlor applied would 
dissipate within 1 d, and 90% would dissipate by 18 d. Compartment 1 dissipation 
was active was longer in 1992 than in 1993 or 1994, because there was no rain 
until day 136, eleven days after alachlor application. There are no soil-sample 
data for these first few days in 1992, however, so it is not possible to decide if 
these predictions fit the actual pattern of dissipation (Figure 7). 
On day 175, alachlor in the surface 30-cm was 0.131 kg ha"^ in no-till and 
ridge-till plots and 0.521 kg ha ' in chisel- and moldboard-plow plots. The 
predicted amount was 0.031 kg ha ', which is 6% to 24% of the actual values. The 
model, as it is currently designed and calibrated, may better predict dissipation in 
conservation-tilled soil if there are significant differences between tillages. 
The surface and root-zone soil may have been drier in conventionally 
tilled plots during the first part of the 1992 growing season. If so, this could have 
retarded the overall dissipation rate in these plots through day 175. But the 
available data do not support this hypothesis. On day 175, the average soil-water 
content in the top 30-cm was 8.68 cm in conventionally tilled plots. This was not 
significantly different (p = 0.38) from the 9.08 cm average in conservation-tilled 
plots. The precipitation and water evaporation data in 1992 (Figure 8) were also 
not greatly different from that in 1994 (Figure 10). 
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Figure 5. Simulated and actual alachlor dissipation for the 1993 growing 
season. Error bars on data points are the standard error of the mean. 
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For 1994 , the model calculated 1 d for the time to 50% dissipation and 15 d 
for 90% dissipation. These predictions fit the actual data well (Figure 9). Dry 
weather immediately after application allowed Compartment 1 dissipation to 
rapidly diminish alachlor in the soil. This ended 3 d after application, when 14 
mm of rain transferred most of the alachlor into Compartment 2. Water 
evaporation rates in 1994 were restricted, not by rainy, cool weather as in 1993, 
but by limited water in the svirface-soil layer (Figure 10). 
Summary and conclusions 
Wholly empirical models do not adequately describe alachlor dissipation, 
which is sensitive to environmental factors. A two-compartment model was 
expanded by incorporating soil-water evaporation, relative volatility, 
precipitation, and thermal time. This increased the complexity of the model, 
evapotranspiration, soil-water evaporation, and soil-water content had to be 
calculated. More input data, including weather records, pesticide and soil 
properties, and crop development information, were also required for this 
model, although this data was restricted to information easily measured in the 
field. These changes improved the model's ability to predict alachlor dissipation 
and to explain variations in dissipation by changes in environmental conditions. 
The empirical rate coefficient in the fast-dissipation part of the model was 
extremely large, however, which indicates this segment lacks accuracy. To 
improve this part of the model, the relative volatility calculation could be 
reevaluated. Wind-drift loss of alachlor during spray application and dissipation 
on plant residues are other factors that could be incorporated. 
The M2CM may be suitable for other pesticides whose overall loss from 
the soil shows two characteristics: (1) rapid, initial disappearance followed by 
slower dissipation and (2) sensitivity to environmental conditions. 
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GENERAL SUMMARY 
Field and laboratory experiments evaluated the overall dissipation of 
alachlor [2-chloro-JV-(2,6-diethylphenyl)-]V-(methoxymethyl) acetamide] and the 
effect of no-till and chisel-plow tillages on alachlor leaching and dissipation. In 
the top 30-cm layer of field soil, the time to 50% dissipation (half-life) was 2 to 3 
d, and the time to 90% dissipation ranged from 17 to 30 d. 
In no-till soil, alachlor dissipated slightly faster, and more was transported 
into the lO-to-30-cm soil layer. The magnitude of the tillage effect was dependent 
on weather conditions, especially rainfall, that favored movement into and 
dissipation within the soil, rather than volatilization from the soil surface. Most 
of the alachlor, regardless of tillage, was in the top 10 cm at all times. Of the 
alachlor applied in the laboratory to soil columns, only 0.4% was removed by 
water flowing from chisel-plow colimms and 1.6% from no-till columns. The 
results of these experiments showed that tillage was not a reliable indicator of 
alachlor dissipation and that alachlor leaching was a minor dissipation process. 
These experiments indicate that alachlor dissipation is sensitive to 
environmental conditions including precipitation, soil temperature, and soil-
water content. Other researchers have also shown that alachlor dissipates in two 
stages: rapid, initial loss followed by slower degradation. Simple models cannot 
accurately track such dissipation. Complex models may be more accurate, but 
often require data that is not usually found in field-soil sampling experiments or 
in the literature. 
A model of intermediate complexity was developed to predict overall 
alachlor dissipation. It reqmres only easily-collected weather, soil, and pesticide 
information. The model will calculate the daily amount of alachlor in the soil 
and the times for 50% and 90% dissipation. This model was calibrated using 
weather records and field-sample data from the 1993 growing season. The 
calibrated model predicted alachlor dissipation for 1992 and 1994 that matched 
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field data for those years with reasonable accuracy. The model calculated a half-
life (time to 50% dissipation) of 1 d for all 3 years. The time to 90% dissipation 
was 18 d for 1992, 23 d in 1993, and 15 d for 1994. 
In conclusion, data from field and laboratory studies and model 
predictions show that fast initial loss and slow subsequent loss are both major 
factors in the overall dissipation of alachlor. Environmental conditions also 
affect the dissipation rate, while tillage and leaching have little influence. 
The initial dissipation rate of surface-applied alachlor was apparently 
accelerated by wind-drift loss during application or by volatilization immediately 
after application. Future work should include measuring the rates of these 
dissipation processes and relating these losses to the amount of plant residue 
cover and to environmental conditions such as solar radiation, relative 
hiimidity, windspeed, and air and soil temperatures. Alachlor dissipation at 
lower application rates should also be investigated. 
In the M2CM, the fast dissipation equation lacks accuracy, since the value 
of empirical rate coefficient in this segment of the model was extremely large. 
This is consistent with the observation that wind-drift loss and initial 
volatilization are critical, but poorly-understood parts of alachlor dissipation. 
The predictive ability of this part of the model should be refined by refining the 
relative volatility calculation and adding factors for wind-drift loss and 
volatilization from plant residues. 
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APPENDIX: ALACHLOR DISSIPATION MODEL 
'Version date: 3 Nov 95 
'Language: FutureBasic, version 1.02 for the Macintosh, by Zedcor, Inc. 
'Written and developed by DeeAnna Weed 
'variables are single-precision unless explicitly defined by the following symbols; 
'$ string, % integer, & long int, I single prec, # double prec 
DEFSNGa-z 
'dimension global variables for entire program 
DIM recno%, nextRecno%, recmax%, evntFlag 
'dimension global var for Penman function 
DIM latitude_deg, latitude_rad, atm_pressure, a1_coef, b1_coef, a2_coef, b2_coef 
DIM net_rad. longest_day, elevation, wind_run, air_temp_avg, wind_height, wind_ratio 
DIM max„reLhumidity, a_coef, b_coef 
'dimension global var for GrowthStagesfunc 
DIM plant_date%, stg1_end_date%, stg2_end_date%, stg3_end_date%, stg4_end_date% 
DIM stg1_time%, stg2_time%, stg3_time%, stg4_time%, stg1_crop_coef, stg3_crop_coef 
DIM stg4_crop_coef, stg1_cover_step, stg2_cover_step, stg3_cover_step, stg4_cover_step 
DIM stg2_crop_step, stg4_crop_step, crop_cover, crop_cover_step, grnd_cover, res_cover 
'dimension global var for ETCaics & WaterBalance funcs 
DIM root_depth, rz_pawc_max, tot_pawc_max, frac_exposed_soil, soiLevapJactor 
DIM crop_coef, crop_coef_step, surf_wc, surf_wc_max, surf_wcjrac, rz_pawc_frac 
DIM grass_et, soiLevap, totaLet, k_pan 
'dimension global var for AlaCalcs func 
DIM ala_moLwt, ala_vapor_press, ala_water_soly, ala_app_rate, ala_app_date% 
DIM soiLtemp_min, ala_carryover, ala_caryovr_date%, kt, kf, ks, ala_vapor_density 
DIM water_vapor_density, boxUoss, box2Joss, rainjrans 
DIM RECORD inputData 'define a record for weather data 
DIM dofYear% 
DIM precip 
DIM relHumidlty 
DIMairTempMax 
DIMairTempMin 
DIMsoiUemp 
DIM actuallnRad 
DIM totalWindRun 
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DIM END RECORD .inputData 
DIM todays.inputData (367) 'define array for 1 yr of input 
DIM RECORD outputData 'define a record for output data 
DIMdofYr% 
DIMboxlala 
DIM ix)x2ala 
DIMalaTotal 
DIM END RECORD .outputData 
DIM results.outputData (367) 'define array for 1 yr of output 
END GLOBALS 
I************************ Open a window for program dialog **••»»**•**••*••«•*** 
LOCAL FNmakeWindow 
WINDOW #1,, (0,0)-(400.100), _dialogFrame 
TEXT _sysFont, 12 'define font, size and color 
COLOR _zBlack 
END FN 'end makeWindow function 
Display a prompt for the daily weather data file 
LOCAL FN promptOne 
evntFlag = 0 'flag to show when file is open 
textString$ = "Select the file containing the Daily Weather data." 
EDIT FIELD #1, textString$, {10,10)-(390,70). _statNoFramed, JefUust 
textString$ = "Press any key to continue..." 
EDIT FIELD #2, textString$, (10,70)-(390,100), _statNoFramed, JeftJust 
END FN 'end promptOne function 
Open dally weather data file 
LOCAL FN openFilel 
evnt = DIALOG(O) 
id = DiALOG(evnt) 
LONG IF evnt = _evKey 'continue when a key is pressed 
'clear text from dialog window EDIT FIELD CLOSE #1 
EDIT FIELD CLOSE #2 
WIND0W#-1 
filenames = FILES$(_fOpen,"TEXT",,volRefNum%) 
LONG IFLEN(filename$)>0 
'hide dialog window 
'see only text files, store file loc'n 
'abort IFfilelength isO 
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OPEN "I", #1, filenames,, volRefNum% 'file for input is file #1 
XELSE 
GOTO "abort program" 
ENOiF 
evntFlag = 1 'file has been opened 
ENDIF 
END FN 'end openPilel function 
•********************.***** Rgad weather data into array ************************ 
LOCAL FN doDailylnputOata 
recno% = 1 'initialize counter (ignore 0) 
count% = 2 
recno_txt$ = STR$(recno%) 
textStringS = "Working on record number" + recno_txt$ 
EDIT FIELD #2, textString$, (10,70)-(390,100), _statNoFramed, JeftJust 
INPUT #1, textString$, recmax% 'get max number of records 
WINDOW#1 'unhide dialog window 
textString$ = "Please wait -- filling an array with the weather data..." 
EDIT FIELD #1, textString$, (10,10)-(390,70). _statNoFramed, JeftJust 
DO 
INPUT #1, todays,dofYear%(recno%) 'days since Jan 1 
INPUT #1, todays.precip(recno%) 'mm/d 
INPUT #1, todays.relHumidity(recno%) '% 
INPUT #1, todays,airTempMax(recno%) 'degrees C 
INPUT #1, todays.airTempMin(recno%) 'degrees C 
INPUT #1, todays.soirTemp(recno%) 'degrees C 
INPUT #1, todays.actuallnRad(recno%) 'mm/d 
'Conversion: mm/d = (x Ly/d)*(41868 J/m2/Ly)* (g H20/2450 J)*(m2-mm/1000g) 
INPUT #1, todays.totalWindRun(recno%) 'km/d 
INC(recno%) 
LONG IF count% = 40 
recno_txt$ = STR$(recno%) 
textStrlngS = "Working on record number" + recnoJxt$ 
EDIT FIELD #2, textString$, (10.70)-(390,100), _statNoFramed, JeftJust 
count% = 0 
ENDIF 
INC(count%) 
UNTIL recno% > recmax% 
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EDIT FIELD CLOSE #1 
WIND0W#-1 
END FN 
'clear text from dialog window 
'hide dialog window 
'end DailylnputData function 
'****"**"*" Display a prompt for the one-time input data file ***************** 
LOCAL FNpromptTwo 
WIND0W#1 'unhide dialog window 
evntFlag = 0 'flag to show when file is open 
textString$ = "Select the file containing the one-time input data." 
EDIT FIELD #1, textString$, (10,10)-(390,70), _statNoFramed, JeftJust 
textString$ = "Press any key to continue..." 
EDIT FIELD #2, textString$, (10,70)-(390,100), _statNoFramed, JeftJust 
END FN 'end promptTwo function 
.*«**•*•***•***.*•• Open one-time input data file 
LOCAL FNopenFile2 
evnt = DIALOG(O) 
id = DIALOG(evnt) 
LONG IF evnt = _evKey 
EDIT FIELD CLOSE #1 
EDIT FIELD CLOSE #2 
WIND0W#-1 
filenames = FILES$(JOpen,"TEXT",,voiRefNum%) 
LONG IFLEN(filename$)>0 
OPEN "1", #2, filenames,, volRefNum% 
INPUT #2, textString$, latitude_deg 
INPUT #2, textString$, elevation 
INPUT #2, textStringS, wind_height 
INPUT #2, textString$, wind_ratio 
INPUT #2, textStringS, max_reLhumidity 
INPUT #2, textStrlng$, a1_coef 
INPUT #2, textStringS, b1_coef 
INPUT #2, textStringS, a2_coef 
INPUT #2, textStringS, b2_coef 
INPUT #2, textStringS, root_clepth 
INPUT #2. textString$, tot_pawc_max 
INPUT #2, textStringS, res_cover 
INPUT #2, textString$, k_pan 
and read data 
'clear text from dialog window 
'hide dialog window 
'see only text files, store file loc'n 
'abort if filelength is 0 
'file for input is file #2 
'read in values 
'textString$ is a dummy variable 
'It receives the text string 
'in the input file that helps 
'the user input data correctly 
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INPUT #2, textString$, plant_date% 
INPUT #2, textString$, stg1_time% 
INPUT #2, textString$, stg2_time% 
INPUT #2, textString$, stg3_tlme% 
INPUT #2, textStrlngS, stg4_time% 
INPUT #2, textStrlngS, stg1_crop_coef 
INPUT #2, textString$, stg3_crop_coef 
INPUT #2, te>ctString$, stg4_crop_coef 
INPUT #2, textStrlngS, ala_app_date% 
INPUT #2, textStrlngS, ala_app_rate 
INPUT #2, textStrlngS, ala_caryovr_date% 
INPUT #2, te>ctString$, ala_carryover 
INPUT #2, textString$, ala_moLwt 
INPUT #2, textStrlngS, ala_vapor_press 
INPUT #2, textString$, ala_water_soly 
INPUT #2. textStrlngS, kf 
INPUT #2, textStrlngS, kt 
INPUT #2, textString$, ks 
XELSE 
GOTO "abort program" 
ENDIF 
evntFlag = 1 'file has been opened 
textString$ = "Enter a name for the ouput data file." 
EDIT FIELD #1, textString$, (10,10)-(390,70), _statNoFramed, JeftJust 
textString$ = "Press any key to continue..." 
EDIT FIELD #2, textString$, (10,70)-(390,100), _statNoFramed, _leftJust 
ENDIF 
END FN 'end openFile2 function 
Display a prompt for the output data file 
LOCAL FN promptThree 
WINDOW #1 
evntFlag = 0 
'unhide dialog window 
'flag to show when file is open 
END FN 'end promptThree function 
Create output data file 
LOCAL FNmakeFile3 
evnt = DIALOG(O) 
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id = DIALOG(evnt) 
LONG IF evnt = _evKey 
EDIT FIELD CLOSE #1 'clear text from dialog window 
EDIT FIELD CLOSE #2 
WIND0W#-1 'hide dialog window 
filenames = FILES$(_fSave,,, volRefNum%) 
LONG IF LEN(filename$) > 0 'atxirt if file name length is 0 
DEF OPEN "TEXTEXEL" 'file type: text, creator; MS Excel 
OPEN "O", #3, filenames,, volRefNum% 'file for output and is file #3 
PRINT #3, "Day Bx1AlaBx2AlaTotAlaAirTmpNetRadPrecipGrasETSoilEvTotlETRZWatr 
Bx1 Los Trnsfr Bx2Los" 
PRINT#3, "doy kg/ha kg/ha kg/ha avgC mm/d mm/d mm/d mm/d mm/d frac kg/ha 
kg/ha kg/ha" 
PRINT #3," " 'write header in output file 
XELSE 
GOTO "abort program" 
ENDIF 
evntFlag = 1 'file has been opened 
ENDIF 
END FN 'end makeFileS function 
I********************* Calulate FAO-modlFled Penman grass ET ******************** 
LOCAL FN doPenman 
'Vapor pressure deficit, units in mb unless noted otherwise 
LONG IFrecno%=1 'initialize variables 
st_bo_const = 0.0048995 '(J/m2/d/K4) Stephan-Boltzmann 
latitude_rad = latitude_deg * 3.141 /180 'convert degrees to radians 
atm_pressure = 1013 - 0.1055 * elevation 
x = SQR(0.5 + 0.007895 / COS(latitude_rad ) + 0.2168875 * TAN(latitude_rad)) 
longest_day= 15.298 *ATN(x/SQR(1 -x*x)) '(h)arcsin(x)=ATN(xySQR(1-x*x)) 
a_coef_pt_a = SIN(latitude_rad) * (46.355 * longest_day - 574.3885) 
a_coef_pt_b = 816.41 * COS(latitude_rad ) * SIN(3.14 * longest_day / 24) * (0.29 * 
COS(latitude_rad) + 0.52) 
a_coef = a_coef_pt_a + a_coef_pt_b '(dimensioniess) 
b_coef_pt_a = SIN(latitude_rad) * (574.3885 -1.509 * longest_day) 
b_coef_pt_b = 26.59 * COS(latitude_rad) * SIN(3.14 * longest_day / 24) * (0.29 * 
C0S(lati1ude_rad) + 0.52) 
b_coef = b_coef_pt_a - b_coef_pt_b '(dimensioniess) 
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ENDIF 
air_temp_avg = (todays. airTempMin(recno%)+ todays.airTempMax(recno%)) / 2 
es = 33.8639 * ((0.00738 * air_temp_avg + 0.8072)^^8 - 0.000019 * ABS(1.8 * air_temp_avg + 48) + 
0.001316) 
ea = es * (todays.relHumidity(recno%)/100) 
vap jDress_deficit = es - ea 
'Net incoming radiation, mm/d units unless otherwise noted 
latent_heat = 2500.78 - 2.3601 * air_temp_avg '(kJ/kg) 
emissivity = a1_coef - b1_coef * ((ea)'HD.5) '(dimensionless) 
clr_sky_out_rad = emissivity * st_bo_const * ((todays.airTempMax(recno%) + 273)^^4 + 
(todays.airTempMin(recno%) + 273)M)/2/iatent_heat/1000 
clr_skyjn_rad = (a_coef + b_coef' C0S(2 * 3.14/365 * (todays.dofYear%(recno%) -172))) * 41.868 
/ latent_heat 
actuaLout_rad = (a2_coef * (todays.actuailnRad(recno%)/clr_skyJn_rad) + b2_coef) 
LONG IF todays.actualinRad(recno%)/clr_sky_in_rad <0.7 
albedo = 0.3 '(dimensionless) 
XELSE 
albedo = 0.29 + 0.06 * SIN(30 ' (3.25841 + 0.03287 * todays.dofYear%(recno%))) 
ENDIF 
net_rad = (1 - albedo) * todays.actuallnRad(recno%) - actuai_out_rad 
'Weighting-function values, dimensionless 
delta = 2 * (0.00738 * air_temp_avg + 0.8072)V - 0.00116 
gamma = 1.6134 * atm_pressure / latent_heat 
delta_ratio = delta / (delta + gamma) 
gamma_ratb=gamma / (delta+gamma) 
'Equivalent wind run at 2 m height 
LONG IF wind_height o 2 
todays.totalWindRun(recno%) = todays.totalWindRun(recno%) * ((2/wind_height)'^0.2) 
ENDIF 
day_wind_run = todays.totalWindRun(recno%) * wind_ratio / (wind_ratio +1) 'km/12 hr 
day_wind_speed = day_wind_run * 1000/12/3600 ' m/s 
'Overall correction factor, dimensionless 
cjctr = 0.68 + 0.0028 * (max_reLhumidity/100) + 0.018 * todays.actuallnRad(recno%) - 0.068 * 
day_wind_speed + 0.013 * wind_ratio 
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cjctr = cjctr + 0.0097 * day_wind_speed * wind_ratio + 0.000043 * (max_reLhumidity/100) * 
todays.actuallnRad(recno%) * day_wind_speed 
'Well-watered, grass-based ET, mm/d units 
grass_etjDt_a = gamma_ratio * 0.27 * (1 + 0.01 * todays.totalWindRun(recno%)) * vap_press_deficit 
grass_et = cjctr * (delta_ratio * net_rad + grass_et_pt_a) 
END FN 'End Penman function 
***** Calulate ground-cover with FAO crop coef., dimensionless unless noted **** 
LOCAL FN doGrowthStages 
LONG IF recno% = 1 
stg1_cover_step= (10 - 0) /100 / (stg1_time% - 7) 
stg2_cover_step = (80 - 10) /100 / stg2Jime% 
stg3_cover_step = (100 - 80) /100 / stg3_time% 
stg4_cover_step= (50 - 100) /100/ stg4_time% 
stg1_end_date% = stg1_time% + plant_date% 
stg2_end_date% = stg2_time% + stg1_end_date% 
stg3_end_date% = stg3_time% + stg2_end_date% 
stg4_end_date% = stg4_time% + stg3_end_date% 
stg2_crop_step = (stg3_crop_coef - stg1_crop_coef) /stg2_time% 
stg4_crop_step = (stg4_crop_coef - stg3_crop_coef) / stg4_time% 
grnd_cover = res_cover 
crop_coef = 0 
crop_coef_step = 0 
crop_cover = 0 
crop_cover_step = 0 
ENDIF 
'Growth stg 1: initial growth: Crop cover increases from 0% to 10%. Crop coefficient 
'is a constant, starting 7 d after planting to allow plants to germinate and sprout. 
LONG IF todays.dofYear%(recno%) = plant_date% + 7 
crop_coef = stg1_crop_coef 
crop_coef_step = 0 
crop_cover_step = stg1_cover_step 
ENDIF 
'initialize variables 
'Calc end of growth stages 
'(day of year) 
'Growth stg 2: crop development: Crop cover increases from10% to 80%. 
'Crop coefficient Is Increasing. 
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LONG IF todays.dofYear%(recno%) = stg1_end_date% 
crop_coef_step = stg2_crop_step 
crop_cover_step = stg2_cover_step 
ENDIF 
'Growth stg 3: mid-season: Crop cover increases from 80 to 100%. Crop 
'coefficient is constant. 
LONG IF todays.dofYear%(recno%) = stg2_end_date% 
crop_coe1_step = 0 
crop_cover_step = stg3_cover_step 
ENDIF 
'Growth stg 4: late season: Crop coefficient declines to 0. Assume crop cover 
'drops from 100% to 50%. 
LONG IF todays.do'fYear%(recno%) = stg3_end_date% 
crop_coef_step = stg4_crop_step 
crop_cover_step = stg4_cover_step 
ENDIF 
'From harvest through the end of the year: Ground cover Is equal to the 
'residue cover 
LONG IF todays.dofYear%(recno%) = stg4_end_date% 
crop_coef = 0 
crop_coef_step = 0 
crop_cover = 0 
crop_cover_step = 0 
ENDIF 
crop_coef = crop_coef + crop_coef_step 
crop_cover = crop_cover + crop_cover_step 
grnd_cover = crop_cover + (1-crop_cover) * res_cover 
END FN 'end GrowthStages function 
******* Calculate plant-available water content (pawc), soil evap, total ET ****** 
LOCAL FNdoETCalcs 
LONG iFrecno%=1 'initialize variables 
rz_pawc_max = tot_pawc_max /100' root_depth * 1000 '(mm) water in root zone 
rz_pawc_frac = 1.0 'initialize at 100% (field cap'y) 
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surf_wc_max = tot_pawc_max '(mfn) pawc in top 10 cm 
surf_wc = surf_wc_max 'intialize at 100% 
surf_wcjrac = surf_wc / surf_wc_max 
ENOIF 
'Soil-water evaporation, mm/d, allow some evap at 90-100% shade 
frac_exposed_soil = 1 - grnd_cover + 0.1 * grnd_cover 
soil_evap_factor = 0.1 * (10'^surf_wcjrac) 
IFtodays.soilTemp(recno%) <OTHEN soil_evap_factor = 0 
soil_evap = grass_et / l<_pan * soil_evap_factor * frac_exposed_soil 
'Total ET, mm/d. Limit total ET IF pawc is < 25% 
ETJactor = 4 * rz_pawc_frac 
IF ETJactor > 1 THEN ETJactor = 1 
total_et = ETJactor * grass_et * crop_coef 
IF soil_evap > totaLet THEN totaLet = soiLevap 
END FN 'end ETCalcs function 
•***«***.***«****** Calculate alachlor dissipation and transfer ****************** 
LOCAL FN doAlaCaics 
LONG IFrecno%=1 'Initialize variables 
'Convert vapor press, mm Hg, to vapor density, mg/L. At 1 atm, 20° C, one mole of 
'gas = 22.4 L. If vapor press is in kPa, replace 760 mm Hg/atm with 101.325 kPa/atm. 
ala_vapor_density = 1000 / 760 / 22.4 * ala_moLwt * ala_vaporj3ress 
water_vapor_density = 25.3244 '(mg/L at 25° C) 
results.box1ala(1) = 0 '(kg/ha) Initial ala in each box 
results. box2ala( 1) = 0 '(kg/ha) 
soil Jemp_min = 10 '(°C) Temp at which Box2 diss = 0 
ENDIF 
'Box 1: Fast loss and rainfall transfer 
LONG IFresults.box1ala(recno%)>0 
reLvolatility = results.box1ala(recno%) /ala_app_rate' ala_vapor_density / water_vapor_density 
boxl Joss = kf * reLvolatility * soii_evap * results.box1ala(recno%) 
rain Jrans = kt * todays.precip(recno%) * results.box1ala(recno%) 
'proportionately adjust tx)x1 Loss and rainT rans if their sum is more than boxl ala 
LONG IF boxl Joss + rain Jrans >= results.boxl ala(recno%) 
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box1_loss = boxljoss / (box1_loss + rainjrans) * results.box 1ala(recno%) 
rainjrans = results.box1ala(recno%) - boxljoss 
END IF 
XELSE 
boxljoss = 0 
rainjrans = 0 
END IF 
'Box 2: Slow loss 
LONG IF results.box2ala(recno%)>ala_carryover 
thermal Jime = todays.soilTemp(recno%) - soilJemp_min 
IF thermaLtime < 0 T H E N thermaljime = 0 '(°C-day) 
IF rz_pawc_frac < 0.10 TH E N water_rxn_rate = 0.10 'some loss when soil is dry 
box2_loss = results.box2ala(recno%) * rz_pawc_frac * thermaljime * ks 
XELSE 
box2_ioss = 0 
END IF 
'Box 1, Box 2, and total alachlor amounts 
nextRecno% = recno% + 1 
results.box1ala(nextRecno%) = results.box1ala(recno%) - boxljoss - rainjrans 
IF results.box1ala(nextRecno%) < 0 THEN results.box1ala(nextRecno%) = 0 
LONG IF todays.dofYear%(recno%) = ala_app_date% -1 
results.box1ala(nextRecno%) = results. box1ala(nextRecno%) + ala_app_rate 
END IF 
results.box2ala(nextRecno%) = results.box2ala(recno%) + rainjrans - box2Joss 
LONG IF results.box2ala(nextRecno%) < ala_carryover AND todays.dofYear%(recno%) > 
ala_caryovr_date% 
results.box2ala(nextRecno%) = ala_carryover 
END IF 
LONG IF todays.dofYear%(recno%) = ala_caryovr_date% -1 
results,box2ala(nextRecno%) = results.box2ala(nextRecno%) +ala_carryover 
END IF 
results.alaTotal(recno%) = results.box2ala(recno%) + results.box1ala(recno%) 
END FN 'end AlaCalcs function 
Calc end-of-day soil water, assume all precip infiltrates 
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LOCAL FN doWaterBalance 
rz jDawc = rz_pawc Jrac * rz_pawc_max + todays,precip(recno%) - totaLet '(n^m) 
IF rz_pawc > rz_pawc_max THEN rz_pawo = rz_pawc_max 
IF t7:_pawc < 0 TH E N rz_pawc = 0 
rz_pawcjrac = rz_pawc / rz_pawc_max 
surf_wc = surf_wc_max * surf_wc_frac + todays,precip(recno%) - soiLevap 
IFsurf_wc>sui1_wc_maxTHEN surf_wc = surf_wc_max 
IF surf_wc < 0 TH E N surf_wc = 0 
surf_wc_frac = surf_wc / surf_wc_max 
END FN 'end WaterBalance function 
Print Info to output data file ************************ 
LOCAL FN printOutputData 
a$ = USING "###results.dofYr%(recno%) 
b$ = USING" +##.#air_temp_avg 
c$ = USING" ##.# net_rad 
p$ = USING" ## todays.precip(recno%) 
d$ = USING" ##.# grass_et 
f$ = USING" ##.# soiLevap 
9$ = USING" ##.# totaLet 
h$ = USING" #.## rz_pawcjrac 
i$ = USING" #.###boxljoss 
j$ = USING" #.###"; rainjrans 
k$ = USING " #.###box2Joss 
1$ = USING" #.###results.box1ala(recno%) 
171$ = USING" #.###results.box2ala(recno%) 
n$ = USING" #.###results.alaTotal(recno%) 
'PRINT #3, a$; 1$; m$; n$; b$; c$; p$; d$; f$; g$: h$; i$; j$: k$ 
PRINT #3, a$; 1$; m$; n$ 'simpler output file 
END FN 'end printOutputData function 
•**********«******«*•• Calculate 50 and 90% dissipation times *******************' 
LOCAL FNdoHalfLife 
checkDate% = ala_app_date% 'initialize variable 
half_alaJoss = 0.5 * (resutts.alaTotal(ala_app_date%) - results.alaTotal(recmax%)) 
ninety_alaJoss = 0.1 * (results.alaTotal(ala_app_date%) - results.alaTotal(recmax%)) 
DO 
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LONG IF results.alaTotal(checkDate%)>half_alaJoss 
halfjife_date% = resu(ts.dofYr%(checkDate%) 
END IF 
ninetyjife_date% = results.dofYr%(checkDate%) 
INC(checkDate%) 
UNTIL results.aiaTotal(checkDate%) <= ninety _alaJoss 
lialf_iife_overall = half_life_date% - ala_app_date% 'count elapsed days 
IF halfJife_overall = 0 TH EN halfJife_overall = 1 
ninety_life_overall = ninety_life_date% - ala_app_date% 'count elapsed days 
v$ = USING" ###halfJife_overall 
w$ = USING" ###ninetyJife_overail 
PRINT #3, "The time to 50 percent overall dissipation (half-life) is"; v$; "days" 
PRINT #3, "The time to 90 percent overall dissipation is"; w$; "days" 
END FN 'end HalfLife function 
'Tell computer what data 
CLS 
FN makeWindow 
FN promptOne 
ON DIALOG FN openFilel 
DO 
HANDLEEVENTS 
UNTIL evntFlag = 1 
FN promptTwo 
ON DIALOG FN openFile2 
DO 
HANDLEEVENTS 
UNTIL evntFlag = 1 
FN promptThree 
ON DIALOG FN makeFileS 
DO 
HANDLEEVENTS 
UNTIL evntFlag = 1 
FN doDailylnputData 
'* Main program listing *•*«****•*•' 
files to use and get data arrays filled 
'create a dialog window 
'display prompt 
'open weather data file 
'wait for key to be pressed 
'file has been opened 
'display prompt 
'open one-time input data file 
'wait for key to be pressed 
'file has been opened 
'display prompt 
'open output data file 
'wait for key to be pressed 
'file has been opened 
'read weather data into array 
'Run the simulation 
recno% = 1 'intitalize record counters 
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count% = 2 
WINDOW#1 'show user that pgm is running 
textString$ = "Please wait -- running the simulation..." 
EDIT FIELD #1, te>ctString$, (10,10)-(390,70), _statNoFramed, JeftJust 
recno_txt$ = STR$(recno%) 
textStringS = "Working on record number" + recno_txt$ 
EDIT FIELD #2, textString$. (10,70)-(390,100), _statNoFramed, _leftJust 
D O 'the heart of the simulation 
results.dofYr%(recno%) = todays.dofYear%(recno%) 
FN doPenman 
FN doGrowthStages 
FN doETCalcs 
FN doAlaCalcs 
FN doWaterBalance 
FN printOutputData 
INC(recno%) 
LONG IF count% = 40 'show user that pgm is running 
recno_txt$ = STR$(recno%) 
textStringS = "Working on record number" + recno_txt$ 
EDIT FIELD #2. textString$, (10,70)-(390,100), _statNoFramed, JeftJust 
count% = 0 
ENDIF 
INC(count%) 
UNTIL recno%> recmax% 'loop until the end of file 
FN doHalfLife 'calc dissipation rates 
x$ = USING" #######.###kf 
y$ = USING " #M####.###kt 
z$ = USING " #######,###ks 
PRINT #3, "The empirical coefficients are: kf ="; x$ 
PRINT#3, "kt=";y$ 
PRINT #3," ks=";z$ 
'Clean up computer screen and end program 
EDIT FIELD CLOSE #1 'clear text from dialog window 
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WIND0W#-1 
BEEP 
"abort program" 
CLOSE 
END 
'hide dialog window 
'beep when simulation ends 
'label for goto commands 
'closes all open files 
'end execution 
